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5Neuromuscular Factors Related 
to Hamstring Muscle Function, 
Performance and Injury
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5.1	 �Neural Factors Relating to Hamstring Muscle Function, 
Performance and Injury

5.1.1	 �Leg Muscle Strength, Rate of Force Development (RFD) 
and Sprint Performance

In human athletic activities, maximal acceleration and sprint capacity are strongly 
determined by maximal strength and the rate of force development (RFD) of the 
lower limb muscles. In terms of lower limb muscle strength, strong inverse relation-
ships (r = −0.94 to −0.61) have been observed between 1-RM squat strength and 
the time to cover 5, 10 and 20 m sprint distances performed from a standing start 
[1–3]. These observations indicate that a large proportion (r2  =  37–88%) of the 
inter-individual variance in acceleration/sprint capacity is governed by differences 
in leg extensor strength.
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Independently of maximal leg muscle strength, the ability to generate force rapidly 
also exerts a governing influence on human sprint performance. For example, static 
squat RFD normalised to maximal force (maximum voluntary contraction [MVC]) 
correlated strongly to 5 m sprint time (r = −0.62) when examined in British elite 
rugby players [4]. Further, athletes with a superior acceleration capacity (5 m sprint 
time <1 s) were characterised by a 40–60% higher leg extensor RFD in the very early 
phase of rising muscle force (0–100  ms) compared to players with less explosive 
acceleration capacity (5 m sprint time ≥1 s). Notably, maximal isometric squat force 
was not associated with sprint performance (−0.04 < r < 0.25), suggesting that lower 
limb RFD serves an independent role for human acceleration/sprint ability.

Recent reports have examined the effect of hamstring RFD on sprint and 
acceleration capacity. For example, Ishøi and colleagues [5] demonstrated that in 
elite youth football players (16–17 years), isometric hamstring RFD during the 
early phase of rising muscle force (0–100 ms) was inversely related with 5 m 
(r = −0.45), 15 m (r = −0.47) and 30 m (r = −0.41) sprint times. Similar relation-
ships have been observed on isolated RFD assessment for the quadriceps and 
hamstring muscles. Examining Danish elite team handball players (n = 12, DHF 
Premier League) using isokinetic dynamometry, isometric quadriceps RFD (nor-
malised to body mass) measured in the early contraction phase (0–100 ms) was 
found to be closely associated (r = −0.71 to −0.78) with the time to cover 5 m 
and 10  m sprints using a standing start (Aagaard et  al., unpublished data). 
Notably, an equally strong association was noted between isometric hamstring 
RFD and 10 m sprint times (r = −0.82) (Fig. 5.1). Collectively, these data suggest 
that hamstring RFD represents an important factor in human sprint and accelera-
tion performance.

5.1.2	 �Eccentric Hamstring Strength and Sprint Performance

Sprint speed is governed by two distinct factors: stride length and stride frequency. 
Theoretically, higher levels of eccentric hamstring strength may improve the rate at 
which the forward swinging shank can be decelerated during the terminal swing 
phase of sprinting, which would likely contribute to better sprint performance via 
greater stride frequency. In addition, high eccentric hamstring muscle force produc-
tion during the transition from eccentric to concentric contraction, just prior to ini-
tial foot contact (start of stance phase) (Fig. 5.2), would be expected to transfer into 
an enlarged hip extensor moment during the late propulsive stance phase. In support 
of this notion, maximal eccentric hamstring strength measured in the Nordic ham-
string exercise (NHE) was positively related (r  =  0.52) to short-distance (20  m) 
sprint acceleration performance in highly trained youth soccer players (n = 119) [6]. 
Further, 10 weeks of NHE training in amateur football players (age 17–26 years) 
stimulated a significant improvement in maximal eccentric hamstring strength 
which paralleled gains in sprint acceleration performance [7]. Additional reports 
exist of improved sprint capacity in response to 7–10 weeks of training with the 
eccentric NHE [8], an eccentrically biased flywheel leg curl [9], or a combination of 
free weight hamstring exercises [10]. However, sprint acceleration performance 
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appears to be most consistently improved as reflected by faster short-distance sprint 
times (5, 10, 15  m) [7, 8, 10], whereas gains in longer-distance sprint capacity 
(30 m) are less frequently observed [9]. In conclusion, training-induced improve-
ments in maximal eccentric hamstring muscle strength can result in enhanced accel-
eration capacity and maximal sprint speed, and these effects appear to occur 
independent of training status.
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Fig. 5.1  Unpublished observations demonstrating the relationship between isometric knee flexor 
rate of force development (RFD), as assessed on an isokinetic dynamometer (a), and 10 m sprint 
times in n = 10 Danish elite team handball players (b) (Aagaard and colleagues, unpublished data)
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5.1.3	 �Neuromuscular Hamstring Activity, Sprint Performance 
and Risk of Muscle Strain Injury

The hamstring muscles are highly active during human sprinting, characterised by 
periods of peak electromyographical (EMG) activity during terminal swing, fol-
lowed by a second bout of peak EMG activity in the midstance phase [11, 12] 
(Fig. 5.2). The specific pattern of hamstring activation bears significant importance 
for overground sprint performance. Recently, Morin and co-workers [13] used mul-
tivariate regression analysis to combine measurements of maximal isolated 
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eccentric hamstring strength obtained by isokinetic dynamometry and lateral ham-
string (BF) EMG activity recorded during the terminal-swing phase of maximal 
sprinting, respectively. Together, these measures explained a substantial portion 
(r2 = 0.49) of the horizontal ground reaction force (FH) produced during the sprints, 
which represents the main governing factor for maximal sprint acceleration perfor-
mance. Interestingly, maximal eccentric hamstring strength alone was not associ-
ated with FH, underlining that the magnitude and timing of neural drive to active 
hamstring muscle fibres during the sprint stride plays an important role for a suc-
cessful sprint performance.

Maximal eccentric muscle force production is influenced by spinally modulated 
sources of neural inhibition that limit efferent neural drive to the contracting motor 
units, despite maximal volitional effort (for review, see [14]). This inhibition in 
voluntary activation capacity can be downregulated by means of physical training, 
most effectively in the form of heavy-resistance strength training [14–16]. 
Experimental evidence of suppressed motor neuron activity during eccentric muscle 
actions has been reported for the knee extensors, ankle plantar flexors [14] and the 
hamstrings [17]. As a consequence, we might expect that increases in eccentric 
hamstring strength are likely to be highly beneficial not only for sprint acceleration 
performance (as discussed above), but also for the prevention of muscle strain 
injury.

In addition to the aforementioned performance benefits, high levels of eccentric 
hamstring strength may have implications for mitigating the risk of strain injury. 
Inspection of the in situ force-length relationship for skeletal muscle reveals a pro-
nounced mismatch at elongated muscle lengths between the magnitude of active 
force production from muscle fibres and the passive stretch forces arising from elon-
gation of the parallel-elastic muscle structures, in steep favour of the latter (Fig. 5.3). 
This observation predicts that muscle strain injury (1) will predominantly occur dur-
ing active lengthening at elongated muscle lengths (as contractile force produc-
tion ≪ passive force production) and (2) will mainly manifest as cellular signs of 
myotendinous/aponeurosis junction failure. Interestingly, these theoretically derived 
conditions are well matched by real-life observations [18]. Consequently, reduced 
eccentric strength expression due to the presence of neural inhibition may well 
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elevate the risk of hamstring strain injury (HSI) [19] due to an increased mismatch 
between active and passive force-generating structures. Conversely, increasing maxi-
mal eccentric hamstring muscle strength as a result of training-induced gains in neu-
ral drive (resulting from reduced spinal motor neuron inhibition, as discussed above) 
reduces the mismatch between active and passive tissue force generation, which 
would be expected to contribute to a reduced risk of HSI. Evidence for the role of 
hamstring strength and strength-endurance as a risk factor for subsequent hamstring 
muscle strain injury is discussed below.

5.1.4	 �Hamstring Strength, Endurance and Injury Risk

Eccentric knee flexor weakness is arguably the most commonly cited risk factor for 
HSI [20–22]. However, as discussed in Chap. 4, the results from prospective inves-
tigations are mixed and a recent meta-analysis of isokinetic studies concluded that 
eccentric knee flexor strength is only weakly associated with hamstring injury [21]. 
In the largest of these studies, involving 190 hamstring strains in 614 elite Qatari 
footballers, lower levels of eccentric knee flexor strength significantly increased the 
risk of future hamstring injury (odds ratio  =  1.37; 95% CI  =  1.01–1.85) [23]. 
However, the strength difference between subsequently injured and uninjured play-
ers was extremely small (9.1 Nm; effect size <0.2), which indicates that it would be 
impossible to distinguish between these individuals clinically. Elite Australian rules 
football [24] and professional soccer players [25] with lower levels of eccentric 
knee flexor strength (<279 N and <337 N, respectively) during the NHE have been 
shown to be significantly more likely to suffer hamstring injuries in the following 
season than stronger players, although contradictory results from studies of similar 
design [26] and with larger samples [27] have been reported. In the studies to have 
found an association between eccentric strength and injury rates, interactions were 
observed between eccentric strength, age and previous hamstring injury, whereby 
higher levels of strength appeared to counter the risk of injury associated with being 
older or having a history of hamstring injury [24, 25]. These findings suggest the 
possibility that eccentric strength may be a more important consideration in athletes 
who simultaneously present with other predisposing risk factors. However, low to 
moderate specificities and sensitivities for conventional isokinetic or Nordic knee 
flexor strength tests suggest that there is very limited value in trying to predict who 
will sustain hamstring injuries [21, 23, 24, 26]. It is possible that tests of knee flexor 
strength are simply not specific enough to running and that more specific strength 
tests may better reflect injury risk.

The effects of fatigue may also limit the value of strength screening because tests 
are typically performed in a fresh and relatively rested state and this does not reflect 
the potential impact of repeated sprinting [28–31] or kicking [32]. Eccentric knee 
flexor strength falls significantly more than concentric strength after a range of run-
ning protocols that include repeated high-speed efforts [28–30], and there is some 
evidence that this is correlated with a decline in surface EMG (sEMG) from the BF 
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long head (BFLH) but not medial hamstrings [31]. Repeated drop-punt kicking also 
causes preferentially eccentric weakness, and while this occurs alongside reduc-
tions in both BFLH and medial hamstring surface EMG, the decline in eccentric 
strength is correlated only with sEMG changes in the more frequently injured BFLH 
[32]. While not conclusive evidence, the contraction-mode-specific decline in 
strength and surface EMG is consistent with the possibility of a deficit in muscle 
activation which, during the stretching of isolated animal muscles, decreases the 
amount of energy absorbed prior to specimen failure [33]. Testing eccentric strength, 
or perhaps some aspects of sprinting performance such as horizontal ground reac-
tion force [34], before, during and after repeated sprint sessions may therefore prove 
to be of greater value than assessments performed in a rested state.

Hip extensor endurance may be a risk factor for HSI. For example, Freckleton 
and colleagues [35] reported that amateur and semi-elite Australian rules footballers 
who sustained a right limb hamstring injury during follow-up performed signifi-
cantly fewer single leg bridges on that side than players who did not sustain an 
injury. However, the same was not true for left leg injuries [35]. Schuermans and 
colleagues [36] have also provided prospective evidence, suggesting that poor knee 
flexor endurance is associated with higher risk of HSI.

As discussed in detail below (cf. Intra and intermuscular coordination), an altered 
timing profile in peak hamstring muscle activity and lower amounts of gluteal and 
trunk muscle activity during the airborne phases of sprinting suggest that imbalances 
in muscle synergist activation and ‘load sharing’ may also play a role in subsequent 
strain injury. These observations underline that neuromuscular factors related to 
muscle activation and coordination may contribute to the aetiology of muscle strain 
disorders, independently of muscle strength, endurance and RFD. Importantly, such 
neural factors most likely will be modifiable with training, which suggests a need to 
develop and implement specific training exercises that will result in a motor repro-
gramming into less hazardous muscle activation patterns (discussed in the following 
subsection). Only few reports exist on the effect of hamstring muscle exercise on the 
specific activation pattern for this muscle group. One study demonstrated that 6 
weeks of training with the NHE stimulated increased surface EMG activity of both 
the semitendinosus (ST) and BF during the performance of the exercise [37]. 
However, more work is required to validate the transfer effect of specific exercise 
training on the pattern of hamstring muscle activity during sports activities that 
involve a high risk of HSI (e.g. sprinting).

5.2	 �Intra- and Intermuscular Coordination

While the BFLH is the most commonly injured hamstring during high-speed run-
ning, it has been proposed that injury risk is not only related to neuromuscular 
characteristics of this muscle but also to the coordination and the relative contribu-
tion of the other hamstrings (intramuscular coordination) [36, 38] and lumbopelvic 
muscles (intermuscular coordination) [39–41].
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5.2.1	 �Intramuscular Coordination of the Hamstrings

Intramuscular hamstring coordination refers to the spatial and temporal patterns of 
hamstring muscle activation during planned movement. Schuermans and colleagues 
[38] were the first to propose that altered intramuscular coordination (i.e. between 
the lateral and medial hamstrings) might contribute to hamstring muscle injury by 
changing the distribution of load within these muscles. In this study [38], amateur 
male soccer players completed leg curl exercise until task failure (when they could 
no longer maintain the required cadence) with 5-kg weights attached to their ankles. 
Functional magnetic resonance imaging (MRI) assessments of hamstring metabolic 
activity (from T2 relaxation times) were performed immediately before and after 
exercise. Participants with a previous history of hamstring injury displayed lower 
metabolic activity from the ST which was partially compensated for by higher 
activity from the BF (both heads combined). A prospective follow-up study [36] of 
44 male amateur soccer players demonstrated that this greater reliance upon the BF 
was associated with an increased susceptibility to primary HSI in the following 1.5 
seasons. Subsequently injured players also reached task failure in the leg curl test 
significantly earlier than those who remained injury-free. Schuermans and col-
leagues [36] suggested that a relatively high reliance on BF was associated with 
reduced endurance, and this is at least partly supported by more recent sEMG find-
ings, which showed that a disproportionate reliance upon any of the hamstring mus-
cles was related to poor endurance when 20% of maximal knee flexor force was 
held until task failure [42]. These findings suggest that intramuscular coordination 
makes a significant contribution to hamstring fatigue [36, 38, 42] and injury risk 
[36], presumably via its influence on ‘load sharing’ between the hamstring muscles. 
The prospective observation [36] also suggests that the imbalanced load sharing 
observed in prolonged isolated knee flexion exercise may also be evident in high-
speed running, although this has yet to be observed.

While we currently do not know how to alter the relative reliance upon different 
hamstring muscles, these findings suggest that to adequately protect athletes from 
running-related hamstring injury, training should not focus solely on stimulating the 
BF, but that just as much attention should be given to conditioning its agonists and 
possibly specifically targeting the ST [36, 38]. Interestingly, the NHE preferentially 
activates the ST [43], and this observation might partly explain why this simple 
eccentric hamstring exercise has proven successful in primary and secondary HSI 
prevention [44, 45].

5.2.2	 �Intermuscular Coordination: More Than Just  
a ‘One-Muscle Job’

To effectively contribute to the development of horizontal ground reaction forces in 
running, the hamstrings need to be coordinated with both synergists at the hip and 
knee and stabilisers at these and adjacent joints. Recently, Schuermans and col-
leagues investigated lower limb and lumbopelvic kinematics [40] and muscle 
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activity patterns [39] by performing three-dimensional (3D) motion capture and 
sEMG measurements between the 15th and 25th metre of 40-m straight line sprints 
(Fig. 5.4). Sprint techniques were examined in a cohort of 29 male football players 
using statistical parametric mapping, which allowed investigation of kinematics 
across the entire gait cycle rather than looking at more discrete time intervals just 
before or at touch down. Four players who went on to sustain hamstring strains 
exhibited greater anterior tilt of the trunk and pelvis and higher levels of lateral 
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Fig. 5.4  Top: 3D kinematic and sEMG analysis of maximal overground sprint. Middle: Players 
who subsequently sustained hamstring injury displayed lower gluteus maximus (GM) EMG in 
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running than those without injury. Bottom: Soccer players who subsequently sustained hamstring 
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trunk flexion than 25 players without injury [40] (Fig. 5.4). Of 51 players who per-
formed preseason sprinting with sEMG analysis, 15 went on to sustain a hamstring 
injury in the subsequent 18 months (1.5 seasons) [39]. Those who suffered ham-
string injury exhibited lower levels of normalised gluteus maximus (GM) activity in 
forward swing and lower levels of trunk muscle activity (obliques and erector spi-
nae muscles combined) in back swing than players who remained injury-free 
(Fig. 5.4). These between-group differences reached their maximums near the end 
of the front swing for GM activation and at the end of the backswing for the trunk 
muscles. The results are supportive of prior biomechanical modelling [46] which 
suggested that the coordination of lumbopelvic muscles plays an important role in 
protecting the hamstrings during high-speed running. Chumanov and colleagues 
[46] suggested that small deviations in the level of lumbopelvic muscle activation 
would alter the strains experienced by the BFLH in the late forward swing phase of 
gait, with excessive hip flexor activity and insufficient hip extensor activity both 
having potential to increase BFLH strain and the risk of injury.

Schuermans and colleagues [41] also conducted a prospective study to examine 
whether the timing of sEMG onset of the lateral and medial hamstring, GM and 
erector spinae muscles during prone hip extension had any association with ham-
string injury susceptibility (Fig. 5.5). Fifty-one amateur male soccer players per-
formed three prone hip extensions on verbal command and were then followed for 
injury across 1.5 seasons, during which 15 players sustained hamstring injuries. No 
significant differences were observed in erector spinae or GM sEMG onsets between 
subsequently injured and uninjured players. However, subsequently injured players 
did display a significantly greater delay in hamstring sEMG onset than those with 
no subsequent injury. No differences were found in sEMG amplitude or contraction 
intensity of any of the investigated muscles. These findings suggest that the tempo-
ral coordination of the hamstrings along with the GM and erector spinae muscles 
may play a role in safe hamstring functioning and primary injury prevention. 
Previous hamstring injury history had no influence on the timing of sEMG onset 
[41]. If a similar delayed onset of hamstring activity were to occur during sprinting, 
it may contribute to altered loading, potentially increasing the strain that these mus-
cles experience during the terminal-swing phase of gait.

5.3	 �Structural Factors Relating to Hamstring Muscle 
Function, Performance and Injury

At the simplest level, muscles are collections of sarcomeres which are laid in 
series and in parallel with each other so as to span the distance between the 
aponeuroses and tendons from which they originate and insert. The number of 
in-parallel sarcomeres determines the physiological cross-sectional area (PCSA) 
and, to a significant extent, the muscle’s force-generating capacity [47]. The 
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Fig. 5.5  Prone hip extension test with sEMG measurement of posterior chain muscle recruitment
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number of in-series sarcomeres influences contractility (the extent to which a 
muscle can shorten), the theoretical maximum rate at which it can shorten (if 
completely unloaded) and, to some extent, its force generation while shortening 
[47]. This latter effect comes about because in muscle shortening at a given rate, 
sarcomere shortening rates are lower (and force accordingly higher), when there 
are more contractile elements in series.

The orientation of muscle fascicles and their constituent fibres relative to the 
long axes of the muscle and the aponeuroses (the pennation angle) also has a signifi-
cant impact on muscle performance because this dictates the relative distribution of 
sarcomeres in series and in parallel. As a consequence, a strap-like muscle with a 
close to zero pennation angle will generate less isometric force but exhibit a greater 
contractility and a faster maximum rate of shortening than a pennate muscle of 
equal volume. These two muscles will also have equal peak power outputs, because 
this measure is proportional to muscle volume, but the strap-like muscle will gener-
ate its peak power at higher rates of shortening [47]. The ‘gearing’ of pennate mus-
cles also has an impact because fascicle angle and length changes both contribute to 
tendon excursion, and this allows fibres to contract more slowly and undergo smaller 
length changes than the whole muscle-tendon unit (MTU) [48]. Slower fibre short-
ening enhances force generation in accordance with the force-velocity curve and 
shortening across a smaller range potentially allows for the muscle to remain close 
to its optimal length.

As discussed in Chap. 1, the morphological and architectural characteristics of 
the human hamstrings have received significant research attention. Early studies 
relied predominantly upon cadavers for assessments of muscle volume, fascicle 
lengths, pennation angles and estimates of PCSAs [49–51], and these parameters 
are now also being determined via scanning technologies such as MRI and ultra-
sound (US) [52–55]. Studies of healthy ‘active’ humans [56] and sprint-trained 
track and field athletes [53] have revealed significantly larger hamstring muscle 
volumes and PCSAs than those reported for cadaveric samples which almost invari-
ably come from the sedentary elderly [49]. Table 5.1 shows results from a selection 
of studies that examined hamstring muscle volumes in young adults [42, 52, 53, 56]. 
Avrillon and colleagues [42] also assessed hamstring fascicle lengths and pennation 
angles (at multiple positions along each muscle) via panoramic B-mode US and 
then estimated PCSA for BFLH and biceps femoris short head (BFSH) and semimem-
branosus (SM) muscles from the equation:

	
PCSA muscle volume fascicle length cosine pennation angle= ( )´/ (( ). 	

Here the ST muscle was deemed to be fusiform (pennation angle was taken as 
zero) and its PCSA was determined by its volume divided by its length [42]. 
Handsfield and colleagues [56] employed MRI measures of muscle volumes and 
combined these with the architectural features from cadaver studies. These PCSA 
measurements (Table 5.1) suggest that the maximum force-generating capacity is 
ranked SM > BFLH > BFSH > ST [42, 56].
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Direct comparisons between the results of different studies must be made with cau-
tion because of methodological differences and the use of mixed sex cohorts with vary-
ing proportions of male and female participants. Nevertheless, Table  5.1 shows a 
general trend for hamstring muscles to be larger in athletes. It is also worth noting that 
the relative sizes of the hamstring muscles vary significantly between cadavers [49] and 
athletes [52, 53]. For example, Ward and colleagues [49] reported that the ST mass was 
~74% of that of the SM in cadavers and this is consistent with the relative volumes of 
these two muscles in healthy adults (~76%) [56]. In sprint and jump athletes, however, 
the ST and SM have almost identical volumes (ST is 97% of SM volume) [53].

Handsfield and colleagues [53] have compared lower limb muscle volumes in 
sprinters and jumpers (hereafter referred to as ‘sprint-trained’ athletes) to those of 
sedentary young adults [56]. Volumes were determined via MRI and corrected for 
body size by being expressed relative to the product of height and mass. The great-
est degree of relative hypertrophy of all lower limb muscles was observed for the 

Table 5.1  Hamstring muscle size and architecture measurements or estimates from four studies 
[42, 52, 53, 56]

Muscle Avrillon et al.
Handsfield 
et al. Handsfield et al. Bourne et al.1

Participants Healthy adults
16 female
19 male
Dominant limb

Healthy adults
8 female
16 male

NCAA Div I 
Sprint and jump 
athletes
7 male
8 female

Recreational level 
athletes in field 
and court sports
30 male
Right limbs

Age (years) 24 (3) 25.5 (11.1) 18 (0.6) 22.0 (3.6)
Height (cm) 173 (9) 171 (10) 176.8 (8.1) 180.4(7.0)
Body mass 
(kg)

66 (11) 71.8 (14.6) 68.9 (8.5) 80.8(11.1)

Volume 
(cm3)

BFLH 184.6 (41.6) 206.5 (48.4) 262 (43) 235.7 (38.6)
BFSH 86.3 (37.6) 100.1 (32) 127 (32) 127.3 (27.8)
ST 173.4 (67.3) 186.0 (47.0) 289 (72) 247.1 (54.3)
SM 207.5 (56.7) 245.5 (54.2) 297 (61) 269.9 (42.6)

PCSA (cm2) BFLH 15.2 (3.6) 25.9 (4.9)
BFSH 7.9 (3.3) 7.8 (1.8)
ST 10.2 (3.9) 9.3 (2.3)
SM 23.4 (7.6) 37.8 (9.1)

Fascicle 
length (cm)

BFLH 12.1 (1.7) 10.6 (1.0)
BFSH 10.7 (1.4)
ST 17.2 (4.4)
SM 8.9 (1.4)

Pennation 
angle 
(degrees)

BFLH 9.0 (1.6) 13.6 (1.2)
BFSH 12.4 (2.4)
ST 0 (assumed 

value)
SM 10.7 (2.0)

BFLH biceps femoris long head, BFSH biceps femoris short head, ST semitendinosus, SM semimem-
branosus, PCSA physiological cross sectional area
1Pre-training data from the right limbs of 30 participants, not previously reported, from Bourne 
et al. [52]
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ST, which was 54% larger (relative to body size) in sprint-trained athletes. By con-
trast, the BFLH and BFSH were both 26% larger, SM 20% larger, GM 31% larger and 
adductor magnus (AM) 26% larger in the athletes. Hip flexor muscles, the tensor 
fascia latae, rectus femoris and sartorius were also particularly hypertrophied in 
athletes, with relative volumes 42%, 40% and 37% larger than non-athletes, respec-
tively. At the other end of the spectrum, some muscles like the gluteus medius 
(+8%), lateral (+7%) and medial gastrocnemius (+4%) displayed little ‘relative’ 
hypertrophy according to volume differences [53]. However, some of these muscle 
bellies may have been shorter in sprint-trained athletes and could potentially have 
been relatively large in terms of PCSA. For example, sprint-trained athletes have 
been reported to have thicker lateral gastrocnemius muscles than sedentary adults 
[57, 58]. While a degree of muscle size difference may have pre-dated sport involve-
ment and potentially helped to ‘select’ certain individuals as speed athletes, these 
data also suggest the possibility that high-speed running and the associated strength 
and conditioning programmes place significantly greater ‘overload’ on some mus-
cles than others.

Hamstring muscle morphology also varies considerably between individuals 
with similar training status and this is often overlooked because we typically see 
means and standard deviations presented in the literature. So, while SM is fairly 
consistently reported as the largest of the hamstrings by volume (Table 5.1), Bourne 
and colleagues observed that it was the largest in only 16 of 30 young adult men 
who were engaged in recreational sport, while ST and BFLH were the largest by 
volume in 10 and 4 men, respectively [52]. Furthermore, the BFLH was small as 23% 
and as large as 35% of the total hamstring volume in the two athletes with the small-
est and largest BFLH proportions. Similarly, ST volume ranged from 24% to 39% of 
the total hamstring volume and similar variability was observed for anatomical 
cross-sectional areas (ACSAs). These findings suggest considerable inter-individual 
variability in the hamstring muscles with the greatest potential power outputs and 
force generation capacities. As yet it is unknown whether this variability has any 
impact on running performance or the risk of HSI.

The joint torque created by a given skeletal muscle is the product of its force and 
the length of its moment arm, and sagittal plane hamstring moment arms at the knee 
vary between hamstrings and with knee angle. For example, the ST moment arm 
(5.7  ±  0.7  cm) is larger than that of the SM (4.8  ±  0.5  cm) and BF muscles 
(4.6 ± 0.4 cm) when the knee is flexed by 45° [42]. This partially compensates for the 
ST’s relatively small PCSA, but in untrained adults, this muscle is still estimated to 
have 53% and 56% as much torque-generating potential in isometric contractions as 
the SM and BF muscles, respectively [42]. ST and BF moment arms shorten appre-
ciably as the knee extends between angles of 90° and 0° of flexion, while the SM 
moment arm remains relatively constant in this range [59]. Consideration of muscle 
PCSAs [56] and moment arms suggests that the hamstrings are the major providers 
of knee flexor torque, although a considerable contribution is potentially made by the 
gastrocnemius which has a large PCSA but relatively small moment arms [60].

Hamstring sagittal plane moment arms at the hip are larger for the ST (5.6 cm) 
and BF (5.4 cm) than the SM (4.6 cm) [61], and these change across the hip’s range 
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of motion, reaching their peaks between ~30° and 50° of flexion [62]. By contrast, 
the moment arm of the GM declines, while that of the AM increases considerably 
between the hip angles of 0° and 90° of flexion. These changes suggest a highly 
variable contribution to total hip extension torque from the GM and AM across the 
range of motion (ROM) while the hamstrings’ contribution is likely more constant. 
Furthermore, the estimated PCSAs of the combined hamstrings (~81 cm2) is sub-
stantially larger than that of the GM (~47 cm2) and AM (~46 cm2) [56] suggesting 
that the hamstrings are particularly strong hip extensors. Nevertheless, given the 
significant potential for non-hamstring muscles to generate torque, neither knee 
flexor nor hip extensor strength tests can be considered as assessments of hamstring 
strength alone.

5.3.1	 �Muscle Architecture and Function

Vastus lateralis and gastrocnemius fascicles, expressed in absolute terms or 
relative to limb lengths, are longer in track and field sprinters than in sedentary 
adults and generally longer in sedentary adults than in endurance-trained run-
ners [57]. Furthermore, fascicle lengths in these muscles are significantly cor-
related with 100-m sprint performance in male athletes whose best times ranged 
from 10.0 to ~11.7 s [58] and in female athletes with best times between ~11.0 
and 13.4 s [63]. In these studies, sprint-trained athletes exhibited smaller vas-
tus lateralis pennation angles than distance runners, although little difference 
existed between these groups’ gastrocnemius pennation angles [58, 63]. As the 
data is retrospective, it is unwise to attribute fascicle length differences to 
training programme design. Nevertheless, it is likely that longer fascicles are 
well suited to high-velocity and high-power activities. Furthermore, shorter 
fascicles are well suited to endurance activities because of the efficiency of 
having fewer energy-consuming sarcomeres in series. At the time of writing, 
we are not aware of studies that have compared hamstring fascicle lengths or 
pennation angles in different athletic groups or attempted to correlate these 
lengths with sprint performance.

5.3.2	 �Hamstring Fascicle Lengths, Pennation Angles  
and Injury Risk

Fascicle lengths and pennation angles vary considerably between the hamstring 
muscles [42] and, as discussed in Chap. 1, even along the lengths of individual 
muscles. Fascicles are longest in the ST and shortest in the SM, while pennation 
angles are highest in the SM and lowest in the ST, although some differences exist 
between studies (see Table 5.1). These observations suggest that the ST should be 
able to generate significant forces across a large ROM and when they are shortening 
rapidly. By contrast, the SM is thought to be best suited to force and power genera-
tion at shorter lengths and at slower speeds.
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A single prospective study of 152 elite Australian soccer players has demon-
strated that those with shorter BFLH fascicles (<10.56 cm) were ~four-fold more 
likely to sustain a future HSI than those with longer fascicles [25]. Furthermore, 
the probability of injury was reduced by 21% for every 1-cm increase in fascicle 
length, while pennation angle and muscle thickness had no association with injury 
rates. In this study, interactions were also observed between fascicle length, age 
and prior hamstring injury, whereby longer BF fascicles countered the risk of 
injury associated with being older or having a history of this injury (Fig. 5.6) [25]. 
Other studies have reported shorter BF fascicles in limbs with a history of injury 
to this muscle [64]. Furthermore, the fascicles of previously injured BF muscles 
have been reported to lengthen less in response to the demands of preseason 
Australian rules football training than those in uninjured muscles [65]. It has been 
proposed that short fascicles, with fewer in-series sarcomeres, are more suscepti-
ble to damage as a consequence of sarcomere overextension during active length-
ening [66].

There is a pressing need to more conclusively establish fascicle length as a risk 
factor for HSI, and the inconsistency of risk factor studies [21, 67] should be con-
sidered when designing a training programme with increasing fascicle lengths in 
mind. It should also be acknowledged that there are limitations to the methods that 
have most often been employed to estimate skeletal muscle fascicle lengths in vivo 
[68]. Firstly, two-dimensional US cannot determine the lengths of all fascicles in a 
complex three-dimensional structure. Secondly, estimates of fascicle length (gener-
ally in the region of 9–13 cm) have typically been made on the basis of extrapolating 
fascicle and aponeurosis structures visualised within the ~4- to 4.6-cm wide fields 
of view (FOV) with straight lines outside the FOV. In reality, fascicles and aponeu-
roses are often curved and this may lead to considerable errors in the estimates of 
fascicle lengths and muscle fibre pennation angles [68].

5.3.3	 �Altering Muscle Architecture: The Roles of Contraction 
Mode and Muscle Excursion

There is mounting evidence that eccentric knee flexor training results in lengthening 
of the BFLH fascicles [52, 55, 69–76], although this adaptation has not always been 
observed [54, 73]. For example, Lovell and colleagues [73] reported fascicle length-
ening when the NHE was performed before but not after soccer training. Increases 
in fascicle lengths have also been found after both high- and low-volume hamstring 
training [74] (see Table 5.2). There is also emerging evidence for fascicle lengthen-
ing in the ST after NHE training [70] and in the SM after combined NHE and eccen-
tric stiff-leg deadlift training [77].

The findings that knee flexion tasks do not selectively activate the BFLH but nev-
ertheless evoke significant (~10–24%) increases in estimated fascicle lengths [52] 
might suggest that high levels of activation are not necessary for stimulating archi-
tectural changes in the hamstrings. However, absolute levels of BF EMG activity 
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Fig. 5.6  Top: The interaction between BFLH fascicle length and history of HSI and the probability 
of future HSI. Bottom: The interaction between BFLH fascicle length and age and the probability of 
future HSI. Error bars represent 95% confidence intervals. (Replicated from Timmins et al. [25], 
with permission)
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Table 5.2  Strength training interventions that have assessed architectural adaptations to the BFLH

Study Exercise
Contraction 
mode(s)

Peak 
MTU 
length Intensity

Maximum 
volume 
(sets × reps/
session)

Maximum 
frequency 
(sessions/
week)

BFLH 
fascicle 
length 
% 
change

Presland 
et al. [74]

Nordic Ecc Mod Extra 
loads

5 × 10 2 +23

Nordic Ecc Mod Extra 
loads

4 × 6 2 +24

Duhig 
et al. [76]

Nordic Ecc Mod Extra 
loads

5 × 6 2 +3

Leg curl Conc Mod 6–8RM 5 × 6 2 −6
Ribeiro-
Alvares 
et al. [69]

Nordic Ecc Mod Body 
mass

3 × 10 2 +22

Alonso-
Fernandez 
et al. [70]

Nordic Ecc Mod Body 
mass

3 × 10 3 +23.9

Seymore 
et al. [54]

Nordic Ecc Mod Body 
mass

3 × 8–12 3 +0.0

Bourne 
et al. [52]

Nordic Ecc Mod Extra 
loads

5 × 10 2 +21

Hip 
extension

Conc + Ecc Long 6–10RM 5 × 10 2 +13.2

Pollard 
et al. [75]

Nordic 
(with 
extra load)

Ecc Mod Extra 
loads

4 × 6 2 +15.9

Nordic 
(with 
body 
mass)

Ecc Mod Body 
mass

4 × 6 2 +6.0

Razor curl Pseudo-
isometric

Mod Extra 
loads

4 × 6 2 −0.5

Timmins 
et al. [55]

Seated 
isokinetic 
knee 
flexion

Ecc Long Max 
effort

6 × 8 3 +16

Conc Long Max 
effort

6 × 8 3 −11.8

Guex et al. 
[71]

Seated 
isokinetic 
knee 
flexion

Ecc Long Max 
effort

5 × 8 3 +9.3

Lying 
isokinetic 
knee 
flexion

Ecc Short Max 
effort

5 × 8 3 +4.9

Potier 
et al. [72]

Leg curl Ecc Mod 1RM 3 × 8 3 +34

Ecc eccentric, Conc concentric, MTU muscle-tendon unit, Extra loads performed with body mass 
plus extra loads, Body mass performed with body mass only, Mod moderate, RM repetition-
maximum, Max effort maximal voluntary effort
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are high in the Nordic exercise [43], and there is also evidence that when low-vol-
ume NHE training (eight repetitions per week) is conducted, higher intensities 
(obtained by holding 5- to 30-kg weights on the chest) are more effective at induc-
ing fascicle length change [75].

Hip extension training using a 45° Roman chair and conventional loading (con-
centric and eccentric loads were identical) has been shown to lengthen BFLH fasci-
cles in recreationally active men [52]. This is the only training study of which we 
are aware to have examined the effect of a purely hip extension intervention on BFLH 
muscle architecture. The effects of the commonly employed Romanian or stiff-leg 
deadlifts are as yet undetermined.

It is worth noting that despite theories to the contrary [78], the moderate ham-
string muscle lengths experienced during the eccentric NHE are not a barrier to 
fascicle lengthening. In fact, when directly compared, the NHE and the 45° hip 
extension were shown to stimulate statistically indistinguishable increases in BFLH 
fascicle lengths, although the mean changes favoured the NHE (21% vs. 13%) [52]. 
Furthermore, concentric training at long [55] and moderate [76] muscle lengths has 
been reported to reduce BFLH fascicle lengths so it appears that contraction mode 
exerts a powerful effect on architectural adaptations. Nevertheless, muscle excur-
sion is also likely to influence fascicle length changes and the one study to have 
examined long- versus short-length eccentric training reported a statistically insig-
nificant trend for greater fascicle lengthening after long-length training [71].

At the time of writing, we are not aware of any published studies that have exam-
ined the impact of sprint training on hamstring fascicle lengths. Nevertheless, 
increases in vastus lateralis and rectus femoris fascicle lengths have been reported 
after 5 weeks of sprinting and bounding training in recreationally active individuals 
[79], so there is nothing infeasible about fascicle length changes in response to 
high-speed running programmes.

The BFLH fascicle length increases induced by eccentric hamstring training occur 
very rapidly (within 2 weeks of training with an isokinetic dynamometer) and are 
lost within 1–4 weeks once training is stopped [55, 74, 75]. The shortening induced 
by concentric training is also noted within 2–4 weeks but the changes appear to be 
smaller and more persistent than those seen after eccentric training. For example, 
Timmins and colleagues [55] observed that the fascicle shortening during 6 weeks 
of a concentric isokinetic intervention persisted at least for 4 weeks after the cessa-
tion of training. The rapidity of some of these changes has prompted doubt as to 
whether or not the estimates of fascicle length are valid, primarily because some 
believe that 2 weeks is too short a time for meaningful architectural adaptations to 
occur within humans. We should also consider the possibility that fascicle lengthen-
ing may not be the mechanism that mediates the protective effect of eccentric inter-
ventions. Changes in the composition of connective tissue, as discussed below, or 
other adaptations are possible. However, a muscle’s resistance to the damage caused 
by eccentric exercise is significantly improved by a single exposure to a small num-
ber (6–30) of strong eccentric actions [80]. So, muscle resistance to microtrauma 
can change drastically with a small number of exercise sessions and this is central 
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to the rationale for eccentric exercise in hamstring injury prevention [81–84]. 
However, the repeated bout effect is also known to last for weeks and months [80] 
while fascicle length changes are reversed more rapidly than this.

Regardless of whether fascicle lengths account for the protective effects of 
eccentric training, we should consider the contrasting effects of purely eccentric and 
purely concentric exercise on the susceptibility of muscles to exercise-induced dam-
age. Concentric training has been shown to increase the susceptibility of human 
[85] and animal muscles [83, 84] to eccentrically induced damage and this may 
translate to a greater risk of strain injury but will almost certainly influence muscle 
soreness. As a consequence, the balance between eccentric and concentric stimuli 
should be carefully considered when designing a training programme.

Two studies have reported that BFLH pennation angles declined with eccentric 
and increased with concentric training, one involving training on an isokinetic dyna-
mometer [55] and the other involving either the NHE or concentric leg curl [76]. 
Studies employing the NHE have generally reported small to moderate reductions 
in BFLH [70, 73–75] and ST pennation angles [70]. However, no significant penna-
tion angle changes were observed by Seymore and colleagues [54], who also 
reported no change in fascicle lengths after NHE. Lovell and colleagues [73] 
observed a decrease in pennation angle when the NHE was employed before but not 
after soccer training and the reduction in pennation angles occurred along with an 
increase in fascicle length. In fact, across most hamstring architecture studies, there 
is a trend for pennation angles to decrease as fascicle lengths increase [70, 73–75]. 
One eccentric leg curl study reported no changes in pennation angle despite very 
large increases in fascicle length increases [72]; however, this study differed from 
all others mentioned here in that the US assessments of BFLH were taken at the distal 
end of the muscle.

5.3.4	 �Muscle-Tendon Junction Morphology

The muscle-tendon junction (MTJ) represents the interface between muscle 
and tendon and is mechanically the weakest part of the MTU [86]. The majority 
of running-induced hamstring strains affect the proximal MTJ of the BFLH [87], 
which is also the site of greatest localised tissue strains during active lengthen-
ing [88]. Recent work has suggested that the morphology and composition of 
the proximal MTJ may be associated with its increased propensity for 
damage.

5.3.5	 �Aponeurosis Geometry

A narrow proximal BF aponeurosis and a large muscle to aponeurosis width ratio 
have been proposed as potential risk factors for future HSI [89]. Biomechanical 
modelling [88, 90] has demonstrated that the geometry of this structure strongly 
influences the location and magnitude of strain within the BF. For example, an 
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80% reduction in the width of the proximal BF aponeurosis increases strain within 
the commonly injured proximal MTJ by 60% [88]. Recent work has also identi-
fied substantial interindividual variability in the size of the proximal BF aponeu-
rosis and the muscle to aponeurosis width ratio [89, 90] (Fig. 5.7), although no 
prospective study has explored whether these factors are associated with ham-
string injury risk.

If the aponeurosis to muscle width ratio is established as a risk factor in the 
future, interventions which increase the size of the proximal aponeurosis while 
having minimal effects on BF size may be valuable for mitigating the risk of 
running-induced HSI. However, no study to date has assessed training-induced 
adaptations to BF aponeurosis. Observations from other muscle groups suggest 
that aponeurosis surface area may increase as a consequence of skeletal muscle 
hypertrophy, although in the short term at least, muscle dimensions increase sig-
nificantly more and this may increase muscle fibre strains rather than reduce them. 
For example, 12 weeks of unilateral knee extensions evoked a 1.9 ± 3.8% increase 
in the width of the vastus lateralis distal aponeurosis and a 10.7 ± 7.6% increase 
in its ACSA [91]. However, weightlifters have been reported to display 32% larger 
vastus lateralis aponeuroses than untrained individuals [92] and this raises the 
possibility that long-term training may have relatively larger and potentially posi-
tive effects.

If aponeurosis to muscle width ratio is established as a risk factor for hamstring 
injury, subsequent work might then examine the impacts of altering this ratio to differ-
ing extents with exercises that target the BFLH to different extents. In this context, it 
may be worth considering that training with the NHE has relatively small effects on 
BF muscle volume compared to the hip extension exercise [20].

The collagen composition of the MTJ and its adjoining fibres may be an 
important factor influencing its susceptibility to damage. Although prospective 
studies are lacking, a recent training intervention involving individuals 

Wide aponeurosis

Proximal aponeurosis width Proximal aponeurosis width

Narrow aponeurosis

Fig. 5.7  BF aponeurosis width measurements showing a wide and narrow aponeurosis. 
(Reproduced from Fiorentino et al. [90])
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scheduled for anterior cruciate ligament surgery demonstrated that 4 weeks of 
hamstring strength training involving the NHE, leg curls and hip extensions 
altered collagen expression in the endomysium of muscle fibres at the distal 
MTJ of the ST and gracilis [93]. Specifically, the intervention appeared to 
increase the amount of collagen XIV, a protein that may be important in strength-
ening the extracellular matrix of the MTJ [93]. These results may provide at 
least one additional mechanism by which strength training interventions protect 
against HSI.

5.4	 �Conclusion

Hamstring function is determined by the interaction of a number of neuromuscu-
lar characteristics. The ability to generate force rapidly, particularly during active 
lengthening, is important for optimal hamstring performance and this is influ-
enced to a significant extent by the capacity to fully voluntarily activate these 
muscles. Structural features such as muscle volume, PCSA, fascicle lengths and 
pennation angles are also important determinants of hamstring function, and 
these vary considerably between the heads of this muscle group and between 
individuals. While more proof is required, short BFLH fascicles may also increase 
the risk of strain injuries and there is evidence that fascicle length can be altered 
relatively rapidly with strength training. The complex coordination of hamstring 
muscles and their synergists also has a role in determining performance, includ-
ing the endurance capacity of the knee flexors. There is also emerging evidence 
that dysfunction in intra- and intermuscular coordination plays a role in ham-
string injury causation.

At present, there is ample evidence that muscle morphology and architecture 
can be altered, at least in uninjured individuals, with well-planned exercise pro-
grammes. However, there is currently little understanding of how best to improve 
the various aspects of lumbopelvic coordination so as to best protect the ham-
strings from injury.
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