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The proximal musculo-tendinous junction (MTJ) is a
common site of hamstring strain injury but the anatomy of
this region is not well defined. A morphometric analysis of
the proximal MTJs of biceps femoris long head (BFlh),
semitendinosus (ST), and semimembranosus (SM) was
undertaken from dissection of 10 thighs from five male
cadavers and magnetic resonance imaging of 20 thighs
of 10 active young men. The length, volume, and cross-
sectional area of the proximal tendon, MTJ and muscle
belly, and muscle-tendon interface area were calculated.
In both groups, MTJs were reconstructed three-
dimensionally. The proximal tendons and MTJs were

expansive, particularly within SM and BFlh. Morphology
varied between muscles although length measurements
within individual muscles were similar in cadavers and
young men. Semimembranosus had the longest proximal
tendon (cadavers: mean 33.6 � 2.0 cm; young men: mean
31.7 � 1.6 cm) and MTJ (>20 cm in both groups) and the
greatest muscle-tendon interface area, followed by BFlh
and ST. Mean muscle belly volumes were more than three
times greater in young men than elderly male cadavers
(P < 0.001). These unique morphometric data contribute to
a better understanding of hamstring anatomy, an important
factor in the pathogenesis of hamstring strain injury.

Hamstring strains represent one of the most common
injuries in sports, particularly those involving high-
speed running, kicking, and changes in direction,
such as Australian football and soccer (Petersen
et al., 2010; Eirale et al., 2013; Orchard et al., 2013).
Recurrent injury affects between 14% and 63% of
individuals (Gibbs et al., 2004; Petersen et al., 2010;
Storey et al., 2012; Orchard et al., 2013) and often
results in a prolonged recovery and prevents a timely
return to pre-injury activities (Gibbs et al., 2004).
Muscle-tendon architecture is an important con-

sideration in multifactorial models of hamstring
strain, alongside other parameters such as muscle
flexibility, strength, and fatigue (Mendiguchia et al.,
2012). It is well documented that the long head of
biceps femoris (BFlh) is injured more frequently than
the medial hamstring muscles (Slavotinek et al.,
2002; Koulouris & Connell, 2003; Askling et al.,
2007a; Petersen et al., 2014), and that most strains
occur proximally (De Smet & Best, 2000; Koulouris
& Connell, 2003; Askling et al., 2007a). Further-
more, it is recognized that morphological factors
influence the time taken to return to pre-injury levels
of function, namely the specific muscle(s) injured
(Connell et al., 2004; Askling et al., 2007a,b), as well

as the location (Askling et al., 2000, 2006, 2007a)
and extent (Slavotinek et al., 2002; Connell et al.,
2004; Gibbs et al., 2004) of injury within the muscle-
tendon complex.
A number of studies have examined the morphol-

ogy of the hamstring muscles (Wickiewicz et al.,
1983; Garrett et al., 1989; Seidel et al., 1996; Chle-
boun et al., 2001; Woodley & Mercer, 2005; Evange-
lidis et al., 2015; van der Made et al., 2015).
However, only a few have investigated the anatomy
of the proximal muscle-tendon complex (Woodley &
Mercer, 2005; Kellis et al., 2009; Battermann et al.,
2011; Sato et al., 2012; Evangelidis et al., 2015; van
der Made et al., 2015) which is surprising given that
strain injuries most commonly occur adjacent to this
site (Slavotinek et al., 2002; Koulouris & Connell,
2003; Askling et al., 2007a; Storey et al., 2012). The
length and expansive intramuscular arrangement of
the proximal hamstring tendons have been described
(Woodley & Mercer, 2005; Miller et al., 2007; Kellis
et al., 2009; van der Made et al., 2015), but these
anatomical data were derived from linear measure-
ments in cadavers. A recent study examined the size
of the proximal BFlh aponeurosis using magnetic
resonance imaging (MRI) (Evangelidis et al., 2015);
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however, little attention has been directed at mor-
phometric parameters such as proximal tendon vol-
ume and the relationship between muscle-tendon
interface area and muscle volume. A clearer under-
standing of proximal hamstring morphology might
contribute to an increased understanding of ham-
string strain injuries.
The aim of this study was to examine the detailed

morphology and morphometry of the proximal ham-
string tendons and musculo-tendinous junctions
(MTJs) in men, using a combination of cadaver dis-
section and MRI.

Methods
Cadaver study

The hamstring muscles were investigated in 10 lower limbs
from five embalmed (ethanol-based fixative) male cadavers
(mean age 74.6 years) bequeathed under the New Zealand
Human Tissue Act (2008). Skin, superficial and deep fascia,
gluteus maximus and neurovascular bundles were removed

from the posterior thigh and gluteal region to reveal the ham-
string muscles.

Muscle and tendon morphometry

In addition to morphological observations, measurements
were taken of the hamstrings in situ (RS), using digital calipers
(point digital sliding calipers SC02; Tresna, Guilin, P.R.
China) and a flexible tape measure (if greater than 10 cm).
The prominent tubercle on the lateral aspect of the medial
portion of the ischial tuberosity was used as the proximal
landmark (Woodley & Mercer, 2005). Total muscle length
was defined as the distance between this landmark and the
inferior margin of the fibular head (BFlh) or the point on the
tibia where the medial condyle begins to flare laterally (semi-
tendinosus [ST] and semimembranosus [SM]). Muscle belly
length, proximal tendon length, free tendon length, and MTJ
length were recorded (Fig. 1) (Woodley & Mercer, 2005; Ask-
ling et al., 2007b).

The hamstring muscles were then resected en bloc from
their insertions and embedded in commercial jelly (Leiner
Davis Gelatin, Christchurch, New Zealand) at four times its
normal concentration (100 g/l). A black base layer of jelly was

Fig. 1. Schematic of measurements obtained from cadaver specimens and magnetic resonance images of young active males.
(a) Depictions of length measurements taken with the hamstring muscles in situ following dissection, for cadaver serial sections
and axial magnetic resonance images; (b) Muscle cross-sectional area; (c) Tendon cross-sectional area; (d) Muscle-tendon
interface area (cadaver specimens only). The dashed lines in B–D represent the area measured. Cross-sectional area data were
used to calculate total muscle and tendon volume using the following formula: Volume (cm3) = ΣAd, where A is the cross-sec-
tional area of muscle or tendon and d is the average distance between sections (cm). Muscle-tendon interface area was esti-
mated with the formula: Interface area (mm2) = ΣId, where I is the line of interface measured in cross-section (mm) and d the
average distance between sections (mm) (Gundersen et al., 1988).
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set to provide a flat surface, approximately mimicking the
coronal plane in which the hamstrings lie in vivo. The muscles
were laid on top, orientated according to their in situ arrange-
ment and then encased with green jelly. The whole block of
embedded tissue was serially sectioned into 10-mm slices using
a commercial food slicer (C300; OMAS, Ontario, Canada),
commencing just distal to the ischial tuberosity.

Muscle and tendon morphometry

Each tissue slice was photographed using a Canon PowerShot
G10 Digital Compact Camera without flash, mounted on a
copy-stand at a focal distance of 10 cm, with a scale bar for
calibration of images (by RS). Serial images were imported to
an iMac computer and analyzed in Photoshop (CS5 extended
version 12.0.2 x64; Adobe Systems Incorporated, San Jose,
California, USA). Muscles and tendons were outlined using
the “quick selection” tool and a stack of serial binary silhou-
ettes was created for each hamstring muscle (Fig. 1,
Appendix S1). The cross-sectional area of each black silhou-
ette was automatically calculated in ImageJ (Version 1.140;
National Institutes of Health, USA) using the “threshold”
tool and the interface between each tendon and its respective
muscle(s) was traced and measured using the “free hand line”
tool. The stacks of binary images were also used to produce
three-dimensional reconstructions of the muscles and tendons
using ImageJ and Amira (Version 4.1.2; Visage Imaging
GmbH, Berlin, Germany).

Healthy volunteer study

Ten healthy, physically active (Pate et al., 1995) men aged 18–
30 years (mean age 23 � 2 years) with no history of a major
posterior thigh injury or systemic musculo-skeletal disorder
and no contraindication to MRI were consecutively recruited
from the local community. Ethics approval was granted by
the University of Otago Human Ethics Committee (reference:
11/079) and written informed consent was obtained.

Magnetic resonance imaging

Magnetic resonance scans were acquired using a 1.5T Signa
Infinity whole-body imaging system with Excite software ver-
sion 11 (General Electrical Medical Systems, Milwaukee, Wis-
consin, USA). Both lower limbs were scanned concurrently
with the participant supine. Axial proton density weighted
scans were obtained (repetition time 1700 ms, echo time
34 ms, echo train length 7; 5 mm slice thickness with 5 mm
interslice gap; 40 cm field of view; 384 9 384 matrix), extend-
ing from 4 cm proximal to the ischial tuberosity to the level of
the femoral condyles using a 12 Channel HD body coil.
Images were stored in digital format (DICOM files), trans-
ferred to an iMac computer, and then imported into OsiriX
(Version 3.9.2, Geneva, Switzerland) which extrapolates the
images between the 10-mm slices, enabling reconstruction.

Muscle and tendon morphometry

The length of the proximal tendon, MTJ, and muscle belly
were measured using the same definitions as the cadaver
study, except that the proximal landmark was defined as the
point where the sacrotuberous ligament began to blend with
the ischial tuberosity. The axial MRI series were analyzed
(Fig. 1, Appendix S1) and reconstructed three-dimensionally
as for the cadaver study (RS).

Statistical analyses

Data were exported to an Excel spreadsheet and means
and standard deviations of all morphometric parameters
calculated. Proximal tendon and MTJ lengths were stan-
dardized as a percentage of total muscle length to enable
comparison between cadaver specimens. Proximal tendon
and muscle volumes, and muscle-tendon interface area
were calculated using Cavalieri’s method (Gundersen
et al., 1988) (Fig. 1). The relative force of muscle contrac-
tion at the three proximal MTJs was estimated by calcu-
lating the muscle belly volume: muscle-tendon interface
area ratio.

Comparison of cadaver and MRI findings

Proximal MTJ lengths and volumes from cadavers and MRI
participants were compared using unpaired Student’s t-tests.
Direct comparison of other parameters was not possible due
to unavoidable differences between the selected proximal
landmarks. A P-value of <0.05 was considered statistically
significant.

Intraobserver and interobserver reliability

Repeat measures from randomly selected specimens/partici-
pants were performed blindly at least 3 weeks apart to
ascertain (i) tendon and muscle length, from five lower limbs
with the hamstring muscles in situ and MRIs of eight limbs
from healthy participants; and (ii) muscle and tendon CSA
and muscle-tendon interface length using axial cross-sections
from three selected cadaver specimens and MRIs of six
limbs from healthy participants (RS). With the exception of
the measurements obtained directly from the muscles in situ
all other parameters were independently assessed by a sec-
ond investigator (SW) using OsiRix and ImageJ. Data were
entered into IBM SPSS Statistics for Windows software
(Version 21.0; Armonk, NY, USA: IBM Corp) and intra-
and interobserver correlation coefficients (ICCs) were calcu-
lated and analyzed (Landis & Koch, 1977).

Results
Intra- and inter-rater reliability

Almost all measures demonstrated “substantial” or
“almost perfect” repeatability and reproducibility
(Appendix S2). Two exceptions were noted in the
cadaver study, whereby repeatability for BFlh and
SM muscle belly length, measured with the ham-
string muscles in situ was poor. On MRI, both
repeatability and reproducibility ranged between
fair and moderate for ST free tendon and proximal
tendon length, and measurements of BFlh tendon
cross-sectional area demonstrated moderate agree-
ment.
No significant differences were found between

right and left measurements (assessed using two-
tailed paired Student’s t-tests) with the exception of
the free proximal tendon of BFlh, which was on
average 0.9 � 0.6 cm longer on the left in the MRI
study (P = 0.03). Pooled data were therefore used in
the analysis of cadaver specimens.
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Muscle and tendon morphometry

Data from the cadaver and MRI studies showed sim-
ilar mean tendon and MTJ length measurements;
however, variation was evident between individuals
(Table 1). Tendon and muscle volumes differed
markedly (Table 2); mean muscle belly volumes were
more than three times greater in young active men
than elderly male cadavers (P < 0.001). In both
groups, SM had the longest mean proximal tendon
and MTJ (the latter extending more than 20 cm), the
greatest mean proximal tendon and muscle belly vol-
umes, and the greatest mean proximal muscle-tendon
interface area (84.6 cm2); this resulted in the smallest
muscle belly volume to muscle-tendon interface area
ratio among the hamstring muscles. These architec-
tural parameters were the smallest for ST with values
for BFlh being intermediate between SM and ST
(Tables 1 and 2). The resolution of the axial MRI
images did not permit accurate muscle-tendon inter-
face area measurements.
The morphology of the proximal tendons and

MTJs were well demonstrated by three-dimensional
reconstruction and was remarkably similar in elderly
cadavers and young active men. Reconstructions
developed from MRI scans were sharper (Fig. 2).

Proximal hamstring morphology
Biceps femoris long head and semitendinosus

In cadavers and young men, the common tendon of
BFlh and ST commenced as a thick crescent on the
upper medial facet of the ischial tuberosity (Fig. 3),
in continuity with the sacrotuberous ligament super-
omedially (Appendix S3). A thin medial projection
of the common tendon along the deep (anterior) sur-
face of the proximal part of ST gave it a comma
shape in proximal axial cross-sections. Distally, the
medial projection separated off to form a flat tendon
on the deep surface of ST, while the rest of the ten-
don became approximately crescentic in shape, with
the muscle fibers of BFlh arising from the lateral sur-
face. The posterior half of the crescent formed a sep-
tum between the BFlh and ST muscle fibers. After
BFlh and ST separated, the tendon of BFlh became
entirely intramuscular, the anterior part being inte-
grated into the muscle belly more proximally than
the posterior part. Further distally, the intramuscu-
lar tendon became thin and only minor variations in
its axial cross-sectional shape were noted (Fig. 3).
The muscle fibers of ST had three, incompletely

distinct areas of proximal attachment: to the medial
(rounded) surface of the comma-shaped common

Table 1. Proximal hamstring muscle-tendon lengths in male cadaver specimens (n = 10) and young active men (n = 10; magnetic resonance

imaging)

Muscle Study Length (cm) Length ratio (%)

Mean (SD) Mean (SD)

Range Range

Proximal
tendon

Proximal free
tendon

Proximal
MTJ

Muscle Muscle
belly

Proximal
tendon/muscle

Proximal
MTJ/muscle

BFlh Cadaver 25.7 (2.9) 7.4 (1.1) 18.4 (2.5) 45.6 (2.9) 34.2 (2.3) 56.5 (5.5) 40.3 (4.9)
20.0–29.1 5.7–9.5 13.3–21.9 41.6–50.4 32.0–37.9 43.4–63.5 29.0–46.0

MRI 26.1 (2.6) 6.4 (1.6)* 19.7 (2.6) – 29.0 (1.4)† – –
19.6–29.2 3.4–9.4 14.8–24.5 25.9–31.0

ST Cadaver 15.0 (2.1) 2.2 (0.9) 12.8 (2.0) 45.8 (3.0) 30.5 (3.7) 32.7 (3.9) 27.9 (3.6)
11.4–17.8 0.9–3.6 10.0–15.9 41.9–50.5 27.4–37.4 27.0–37.0 23.0–34.0

MRI 11.9 (3.8) 1.1 (0.5) 10.8‡ (3.6) – 29.6 (3.1) – –
6.6–20.5 0.2–2.2 5.8–19.4 24.4–36.4

SM Cadaver 33.6 (2.0) 11.1 (1.6) 22.5 (1.2) 45.8 (3.0) 28.7 (2.4) 73.3 (1.7) 49.1 (2.7)
30.3–36.7 8.1–12.6 21.4–25.7 41.9–50.5 25.5–33.0 70.0–75.0 45.0–54.0

MRI 31.7 (1.6) 11.2 (1.7) 20.5 (2.2) – 25.8 (2.7)§ – –
29.4–34.2 7.0–14.7 16.1–24.6 23.0–28.1

The proximal landmarks for measurements were the prominent tubercle on the lateral aspect of the medial portion of the ischial tuberosity (cadav-

ers) and the point at which the sacrotuberous ligament began to blend on the ischial tuberosity (MRI).

*Proximal free tendon was 0.9 � 0.6 cm longer on the left (P = 0.03).
†Data missing for 2/10 participants as the muscle belly continued out of the field of view on MRI.
‡Quantifies attachment to the semitendinosus part of the common tendon; (–) Demarcates where length or ratio measurements were not available

due to field of view limitations (muscle length).
§Data missing for 8/10 participants as the muscle belly continued out of the field of view on MRI.

BFlh, biceps femoris long head; MRI, magnetic resonance imaging; MTJ, musculo-tendinous junction; SD, standard deviation; SM, semimembra-

nosus; ST, semitendinosus.
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tendon; to the flat tendon lying on the deep (ante-
rior) surface of the muscle; and to the connective tis-
sue covering the ischial tuberosity (Fig. 3). The
intramuscular tendinous inscription of ST was visible
in all cadaver specimens, forming an oblique inter-
face between the proximal and distal muscle bellies.
In cross-section, it was crescentic in shape and des-
cended laterally and obliquely through the muscle
(Appendix S4).

Semimembranosus

The proximal tendon of SM originated on the upper
lateral facet of the ischial tuberosity (Appendix S4).
Immediately below the ischial tuberosity, its tendon
narrowed and rotated approximately 90° to lie in the
coronal plane (Figs 3 and 4). Distal to this point it
became almost circular, with a greater mean cross-
sectional area (86.2 mm2) than the common BFlh/
ST tendon (46.8 mm2) at the same level (P < 0.001).
Further distally, the SM tendon demonstrated a thin,
membranous projection medially, resulting in a “tad-
pole like” profile, with a rounded head laterally and
a tail skirting the anterior surface of the SM muscle
belly medially. The thin membranous medial projec-
tion of the tendon split at its medial border to
accommodate the proximal muscle fibers of SM. As

the muscle thickened distally the tendon became
completely intramuscular (Fig. 4).

Discussion

Our study provides novel and reliable dissection and
MRI data on the morphology and morphometry of
the proximal tendons and MTJs of the hamstring
complex, including their three-dimensional arrange-
ment and quantification of muscle-tendon interface
area relative to muscle size. Consistent with previous
reports we found that the proximal tendons of SM
and BFlh were expansive and characterized by long
proximal MTJs, each with an extensive intramuscu-
lar course (Woodley & Mercer, 2005; Miller et al.,
2007; Kellis et al., 2009; van der Made et al., 2015).
With regard to morphometric parameters a consis-
tent hierarchy was evident, with SM having the long-
est tendon and MTJ, the largest proximal tendon
and muscle belly volume, and the greatest muscle-
tendon interface area; followed by BFlh, and ST.
This pattern was inverted when considering muscle
belly volume to muscle-tendon interface area ratio,
with SM displaying the smallest ratio, ST the largest,
and BFlh being intermediary.
The majority of reported hamstring strains are

located near the proximal MTJ of BFlh (Storey

Table 2. Proximal hamstring muscle-tendon volumes and interface area in male cadaver specimens (n = 10) and young active men (n = 10;

magnetic resonance imaging)

Muscle Study Volume (cm3) Muscle-tendon interface area (cm2) Muscle belly volume/interface ratio

Mean (SD) Mean (SD)

Range Range

Proximal tendon Muscle belly Proximal MTJ Proximal MTJ

BFlh Cadaver 5.9 (2.1) 75.8 (19.1) 45.0 (7.8) 1.68
3.5–9.8 51.2–109.9 34.5–57.3

MRI 9.2 (3.0) 263.6 (30.0)* – –
5.3–17.0 225.8–314.3

ST Cadaver – 62.2 (17.1) 18.8 (3.7) 3.30
36.4–91.9 14.0–24.2 1.70
31.1 (8.8) prox
14.8–43.2

MRI – 243.3 (32.7) – –
185.8–302.1

SM Cadaver 10.2 (2.6) 104.9 (50.6) 84.6 (31.5) 1.24
6.5–14.4 55.8–214.3 60.7–142.1

MRI 12.4 (2.9) 324.4† (13.6) – –
313.2–344.3

Volume and muscle-tendon interface area calculated from scaled photograph and MRI axial series utilizing Cavalieri’s method. The proximal land-

marks for measurements were the prominent tubercle on the lateral aspect of the medial portion of the ischial tuberosity (cadavers) and the point at

which the sacrotuberous ligament began to blend on the ischial tuberosity (MRI).

*Data missing for 2/10 participants as the muscle belly continued out of the field of view on MRI.
†Data missing for 8/10 participants as the muscle belly continued out of the field of view on MRI; (–) Demarcates where measurements were not

available due to the proximal tendon of ST being considered together with the common tendon (BFlh and ST, volume analysis) or low MRI resolution

(muscle-tendon interface area).

BFlh, biceps femoris long head; MRI, magnetic resonance imaging; MTJ, musculo-tendinous junction; prox, proximal region of ST; SD, standard

deviation; SM, semimembranosus; ST, semitendinosus.
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et al., 2012), meaning particular emphasis has been
placed on this muscle in an attempt to explain its
susceptibility to acute injury. We were interested in
determining muscle-tendon interface area and its
relationship with muscle belly volume (an estimate
of muscle power) as it is plausible that this may
influence injury, with the interface representing the
area over which muscle contraction and stretch
forces are dissipated. As the MTJ is a point of
force concentration due to differences in compli-
ance between the muscle and tendon fibers (Silder
et al., 2010), a MTJ with a greater interface area is
presumably more effective in transferring contrac-
tile forces to the bone and may be less likely to
fail. We found that the muscle-tendon interface
area of BFlh was intermediary to that of SM (lar-
gest) and ST (smallest). The relatively narrow
(Fiorentino et al., 2012) or small (Evangelidis
et al., 2015) size of the BFlh proximal aponeurosis
has been suggested as a risk factor for injury, and
although our data suggest that ST may be the most
susceptible to injury (smallest muscle-tendon inter-

face area, and largest muscle volume to interface
area ratio), it is important to consider that ST also
has several alternative routes for force dissipation
from muscle contraction (discussed below). In con-
trast, BFlh has a single interface for force dissipa-
tion from its muscle belly and could therefore be at
a mechanical disadvantage, particularly during
powerful movements such as sprinting.
Information on muscle size is useful in terms of

assessing morphological changes associated with
injury, pathology, or in response to rehabilitation
programs (Mersmann et al., 2015), yet little data
are currently available on hamstring muscle cross-
sectional area and volume, particularly from living
individuals. This parameter is also relevant because,
as discussed above, the volume of a muscle predicts
how much external work it may exert on its proximal
MTJ (O’Brien et al., 2009). Biceps femoris long head
(active young men, mean volume 263.6 � 30.0 cm3)
was larger than ST (243.3 � 32.7 cm3), yet consider-
ably smaller than SM (324.4 � 13.6 cm3). This hier-
archy is consistent with another MRI study (Tate

(a) (b) (c)

Fig. 2. Representative three-dimensional reconstruction of the hamstring muscles and proximal tendons from axial magnetic
resonance images of a physically active, 22-year-old male (a and b) and serial sectioning in an elderly male cadaver (c), poste-
rior view. Note that in Fig. 1b and c the muscle bellies are transparent to show the morphology of the intramuscular tendons.
Due to MRI artifact, Fig. 1b and c are representative rather than absolute reconstructions of tendon and muscle morphology.
BFlh, biceps femoris long head; BFsh, biceps femoris short head; SM, semimembranosus; ST, semitendinosus; STL, sacro-
tuberous ligament.
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(a) (f)

(b) (g)

(c) (h)

(d) (i)

(e) (j)

Fig. 3. Cross-sections of biceps femoris long head and semi-
tendinosus, from axial magnetic resonance images of a phys-
ically active 22-year-old male (a–e) and serial sectioning in
an elderly male cadaver (f–j), from proximal (a and f)
extending distally at regular intervals. Of note is the course
and morphology of the common tendon (white arrows)
which continues as the proximal intramuscular tendon of
BFlh (black arrows), and the additional proximal tendon of
ST on the anterior surface of its muscle belly (red arrows).
BFlh, biceps femoris long head; BFsh, biceps femoris short
head; SMT, semimembranosus tendon; ST, semitendinosus.

(a) (f)

(b) (g)

(c) (h)

(d) (i)

(e) (j)

Fig. 4. Cross-sections of semimembranosus and semitendi-
nosus, from axial magnetic resonance images of a physically
active 22-year-old male (a–e) and serial sectioning in an
elderly male cadaver (f–j), distal to the ischial tuberosity
extending distally at regular intervals. Of note is the course
and morphology of the semimembranosus tendon (white
arrows) and the common tendon proximal intramuscular
tendon of BFlh and ST (black arrows). BFlh, biceps femoris
long head; SM, semimembranosus; ST, semitendinosus.
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et al., 2006), although our participants demonstrated
larger muscle bulks than have been previously
reported (Tate et al., 2006; Evangelidis et al., 2015),
likely due to differences in participant age and activ-
ity levels. Interestingly, the participants in the study
by Tate et al. (2006) were approximately 4 years
younger than those in our study but were similarly
active, suggesting that BFlh muscle belly volume
increases by approximately 30% between late teen-
age years and the early 20s in physically active men.
Although one study reported no relationship
between BFlh muscle size or strength and proximal
muscle-tendon interface area (Evangelidis et al.,
2015), further investigation of proximal morphology
in a larger sample, taking into consideration the
entire hamstring complex alongside functional and
clinical parameters, seems warranted.
Strains involving ST are less frequent that those

affecting BFlh (Slavotinek et al., 2002), and while
they may present in isolation they predominantly
occur simultaneously with BFlh injuries (Storey
et al., 2012), presumably due to the same mecha-
nism. The precise anatomical location(s) of ST inju-
ries are generally not well defined (Storey et al.,
2012), but a recent account of lesions in footballers
shows that the proximal muscle belly is more fre-
quently affected (15.3%) than the proximal MTJ
(2%) or tendon (2.3%) (Crema et al., 2015). Semi-
tendinosus is characterized by its intramuscular
tendinous inscription which divides the muscle into
proximal and distal regions. This may serve to pro-
vide added muscle-tendon interface area for its mus-
cle fibers, which is also available via an additional
proximal tendinous connection to the ischial
tuberosity (as well as through the common tendon).
Although our muscle-tendon data suggest that ST
may be the most prone of all the hamstrings to
injury, it is possible that these unique structures
reduce the force concentration at its proximal MTJ,
meaning this area is less susceptible to injury.
The prevalence of SM strains is on par with those

affecting ST (Storey et al., 2012) and sports such as
football can give rise to SM injuries, usually at the
proximal MTJ (Crema et al., 2015). However, SM
appears to be injured frequently during slow speed
stretching activities (Storey et al., 2012), which are
predominantly reported among dancers, especially
during sagittal splits. In these instances, the majority
of strain injuries are located at the proximal free ten-
don rather than the MTJ (Askling et al., 2007b,
2008). As suggested by Askling et al. (2007b, 2008),
a relationship may exist between the injury situation
and muscle-tendon involvement; therefore, we
hypothesize that the length of the free tendon of SM,
its spiral course, and medial thickness may render it
vulnerable to stretch injuries. Its long proximal ten-
don attaches high on the lateral facet of the ischial

tuberosity and continues distally and medially in the
thigh; this arrangement will predispose to significant
stretch, particularly during extreme ranges of move-
ment when the muscle is extended across both the
knee and hip joints.
Semimembranosus had the largest muscle volume

but, in direct contrast to its proximal tendon length,
the shortest muscle belly in both male cadavers and
young active men. As a result of this distinctive
architecture, SM displayed the greatest muscle-ten-
don interface area (nearly double that of BFlh, and
over four times greater than that of ST), and the
lowest muscle belly to muscle tendon interface area
ratio. These morphological findings suggest that the
power produced by this large muscle is dissipated
over an extensive muscle-tendon interface area
resulting in the least amount of force concentration
at the proximal MTJ.
Three-dimensional reconstruction of the ham-

strings in particular serves to highlight the extent of
the proximal tendons and integration of the MTJs of
BFlh and SM within their respective muscle bellies.
Understanding this morphology and potential varia-
tion is important in clinical and radiological diag-
noses of hamstring strain injury, as accurate
classification and grading of muscle-tendon injuries
are reliant on detailed anatomical descriptions
(Hamilton et al., 2015). In our study, mean tendon
and MTJ lengths were similar between cadavers and
active young men, but it is worth noting that these
were highly variable between individuals, as was
tendon and muscle belly volume and muscle-tendon
interface area. This variation possibly adds complex-
ity to determining location of injury, and while the
morphology of injury is attracting greater attention
(Comin et al., 2013; Crema et al., 2015), it would be
interesting to further explore three-dimensional mor-
phometric parameters and injury patterns using
research tools such as diffusion tensor imaging
(Oudeman et al., 2015).
Our study has some limitations. Our results are

based on dissection of male elderly cadavers and
MRI scans of physically fit young men. The focus on
men reflects the overall gender bias observed in ham-
string strains (Slavotinek et al., 2002; Koulouris &
Connell, 2003; Connell et al., 2004), but it would be
important to also examine hamstring architecture in
females. Anatomical findings in embalmed elderly
cadavers may be altered by muscle atrophy and tis-
sue shrinkage following fixation (Cutts, 1988), and as
anticipated the mean muscle volumes in elderly
cadavers was substantially smaller than that in
young active mean. However, the overall architec-
ture of the MTJ is not likely to be markedly altered
and all the hamstrings would be similarly affected,
allowing comparison between muscles. Magnetic res-
onance imaging was limited by the field of view,
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reducing the sample sizes for muscle belly length and
volume measurements, particularly for SM. The res-
olution of MR scans prevented accurate measure-
ment of the muscle-tendon interface at the MTJ and
also impacted on three-dimensional reconstruction,
which should be considered representative of muscle-
tendon morphology rather than an absolute model.
In conclusion, this study emphasizes the morpho-

logical differences between the proximal hamstring
muscles in men and provides novel three-dimensional
images of the MTJs. The proximal MTJ anatomy of
each muscle was variable between individuals but
mean values were relatively constant between elderly
male cadavers and physically active young men. A
hierarchy for total proximal tendon, free tendon, and
MTJ lengths was apparent, with SM having the long-
est tendon, followed by BFlh and ST. This may ren-
der SM more prone to stretching injuries than BFlh
and ST. Although the ratio of muscle belly volume
to muscle-tendon interface area was greatest for ST,
other anatomical factors may offset force concentra-
tion at the proximal MTJ of ST, making BFlh the
most vulnerable to proximal hamstring strains.

Perspective

Knowledge of hamstring muscle architecture,
including an appreciation of proximal muscle-ten-
don architecture, is fundamental to understanding
hamstring strain injury. Findings from this study
demonstrate that morphological differences exist
between the proximal hamstring muscles in men,
and that the anatomy of the proximal muscle-ten-
don complex may be variable between individuals.
Specific architectural features such as proximal
MTJ morphology, and muscle belly volume to
muscle-tendon interface area could be relevant

when considering the susceptibility of each muscle
to injury. Further exploration of the anatomy of
the proximal MTJ in larger samples of healthy
individuals, with and without a history of ham-
string injury, might improve our understanding of
the pathoanatomical basis and distribution of
acute hamstring strains, which could ultimately
lead to better diagnostic, therapeutic, and preven-
tive strategies.

Key words: Muscle, skeletal, tendons, dissection,
magnetic resonance imaging.
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