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SUMMARY
The number and organization of sarcomeres 

within a muscle (referred to as muscle architec-
ture) can be used to predict functional capability. 
The six deep external rotator muscles of the hip 
(piriformis (PI), quadratus femoris (QF), obturator 
internus (OI), obturator externus (OE), superior 
gemellus (SG), and inferior gemellus (IG)) play a 
role in both hip stabilization and rotation and are 
damaged and relocated during total hip arthro-
plasty surgery. Understanding the architectural 
details of these muscles could lead to improved 
clinical understanding of their function. There-
fore, muscles were excised from 12 embalmed ca-
davers (6 male, 6 female aged 56-88 years) to mea-
sure muscle mass, fascicle length, and sarcomere 
length. These variables were used to calculate the 
architectural parameters physiological cross-sec-
tional area (PCSA) and normalized fascicle length 
(LFn). Results demonstrated that in the measured 
neutral cadaveric posture all six muscles had 
mean sarcomere lengths (2.40 to 2.57 μm) that 
placed them on the ascending limb of the force-
length relationship where they could theoretically 
generate more than 90 percent of their maximum 
capable force. The OI had the largest PCSA, and 
thus largest force-generating capability, while the 
PI had the longest normalized fascicle length, and 
thus largest excursion and shortening velocity 

capabilities. SG and IG were the smallest in both 
regards. These data provide valuable insight into 
the force-generating capability of the hip deep ex-
ternal rotator muscles and can be used as inputs 
to biomechanical models to predict function in 
healthy movement or within a variety of clinical 
conditions.
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INTRODUCTION
External rotation of the femur and stabilization 

of the hip joint are performed in part by the group 
of six muscles defined anatomically as the deep ex-
ternal rotators of the hip (Dostal, 1987; Agur and 
Dalley, 2016). These muscles are: piriformis (PI), 
quadratus femoris (QF), obturator internus (OI), 
obturator externus (OE), superior gemellus (SG), 
and inferior gemellus (IG) (Fig. 1). These six mus-
cles extend between their attachments at various 
points on the ischium and pubis and the greater 
trochanter, trochanteric fossa and quadrate tu-
bercle of the femur. The bony attachments make it 
possible for the muscles to cross the hip joint from 
several different angles, thereby facilitating the 
generation of external rotation throughout the hip 
joint’s range of motion. These muscles also work to 
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stabilize the head of the femur within the acetabu-
lum (Agur and Dalley, 2016). This important group 
of muscles is damaged during total hip arthroplas-
ty surgery (THA) in varying levels of severity de-
pending on the surgical approach and technique 
employed (Bottner and Pellici, 2006; Meneghini et 
al., 2006), and as a result, long-term weakness and 
instability of the hip joint is often observed in THA 
patients’ post-surgery (Winther et al., 2016; Kawa-
saki et al., 2017). In Canada alone, approximately 
55,000 THA surgeries are done per year, and 4,500 
revision surgeries performed per year due to fail-
ure in stability of the hip joint (Canadian Institute 
for Health Information, 2017). Unfortunately, the 
architecture of the deep hip external rotator mus-
cle group has not been well documented. 

Muscle architecture describes the internal or-
ganization of contractile elements called sarco-
meres. The number and organization of sarco-
meres within a muscle can be used to predict a 
muscle’s functional capacity regarding the excur-
sion and velocity potential of the muscle fibres, as 
well as the ability of the muscle to produce force. 
The best predictor of a muscle’s excursion and 
velocity potential is normalized fascicle length 
(LFn), which represents the number of sarco-
meres arranged in-series along the length of the 
muscle. The best predictor of a muscle’s ability to 

produce force is its physiological cross-sectional 
area (PCSA), which represents the number of sar-
comeres arranged in-parallel within the muscle. 
Mean sarcomere length also plays an important 
role in determining a muscle’s ability to produce 
force, as described by the well-known sarcomere 
force-length relationship (Gordon et al., 1966; 
Walker and Schrodt, 1974). These important ar-
chitectural variables have not been well defined 
for the deep external rotator muscles of the hip.

Therefore, the current study was designed to mea-
sure the mass, sarcomere length and fascicle length 
of the six external rotator muscles of the hip from ca-
daveric donors, and use those measurements to cal-
culate the architectural parameters normalized fas-
cicle length and physiological cross-sectional area. 

MATERIALS AND METHODS
All dissection and photography was performed 

in the University of Guelph Human Anatomy 
Laboratory. Permission is given by the Chief 
Coroner of Ontario to use cadaveric specimens 
donated to the University of Guelph for research 
purposes. Permission is also given by whole body 
donors and their families via the Anatomy Act 
(Province of Ontario) to utilize tissue for scientific 
research at the University of Guelph. 

Fig. 1.- (A) Anterior view of right-side bisected pelvis, origin of piriformis (PI) and origin of obturator externus (OE) shown. (B) Mid-sagittal view of right-
side bisected pelvis, origin of obturator internus (OI), and origin of piriformis (PI) shown. (C) Posterior view of right-side bisected pelvis, insertions of 
piriformis (PI), superior gemellus (SG), obturator internus (OI), inferior gemellus (IG) and quadratus femoris (QF) shown.
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The cadavers in this study were embalmed by 
arterial perfusion using a 2.5% formaldehyde 
solution (60% ethanol, 30% propylene glycol, 5% 
phenol, 2.5% formaldehyde, 2.5% Dettol disinfec-
tant), which results in approximate muscle densi-
ty of 1.112 gm/cm3 (Ward and Lieber, 2005). The 
current study followed the protocol for muscle dis-
section and removal described by Sacks and Roy 
(1982) in their study on feline hind-limb muscles 
and previously used for human muscles by mul-
tiple authors (e.g. Ward et al., 2009). The six mus-
cles were harvested from one side of the body of 
each of 12 formaldehyde-fixed human cadavers [6 
male and 6 female aged 56 – 88 years (mean = 79.3 
years)] by carefully dissecting the muscles away 
from their origins and insertions using hand tools. 
Specimens were excluded if the medical history 
of the body donor reported any hip-related injury, 
surgery, chronic condition or wheelchair confine-
ment. Specimens were also excluded if damage 
to the muscle or hip joint was observed during 
dissection. After the muscles were removed from 
their bony attachments, they were dissected to re-
move as much superficial fat and connective tissue 
as possible. Each muscle was then weighed to an 
accuracy of ±0.01 g using a digital scale. Next, us-
ing digital calipers (resolution of 0.01 mm), fascicle 
length was measured at three different locations 
(one central and two lateral) for each muscle (Fig. 
2). The fascicle measurements were taken in these 
proximal, middle and distal areas of the muscle 
belly to represent the average fascicle length. To 
measure sarcomere length, three small biopsies 
were taken from each of the three fascicle regions 
described above (example of proximal, middle and 
distal locations along the fascicle marked with as-
terisks on the obturator externus muscle shown in 
Figure 2) and subjected to laser diffraction (Baskin 
and Lieber, 1983). Measured fascicle lengths and 
sarcomere lengths were averaged to provide a rep-
resentative value for each muscle.

The mean fascicle length was normalized to 
the optimal sarcomere length for human muscle 
(2.7µm) using the equation below (Ward et al., 
2009): 

		  LFm (cm) x Lso (mm)
	 LFn (cm)= __________________
		  Lsm (mm)

Where LFn represents normalized fascicle 
length, LFm represents measured fascicle length, 
Lso represents optimal sarcomere length for hu-
man muscle (2.7 μm; Walker and Schrodt, 1974) 
and Lsm represents measured sarcomere length.

Each muscle’s PCSA was then determined using 
the following equation (Ward and Lieber, 2005):

		  M (g) x cos (q)
	 PCSA (cm2)= ______________
		  r x LFn (mm)

Fig. 2.- Excised obturator externus muscle (left side, anterior view) with 
fat, connective tissue and tendon removed. Yellow dotted lines indicate 
measurement locations for fascicle length, and asterisks indicate loca-
tions biopsied for sarcomere length measurement. Similar fascicle lo-
cations and biopsy locations were chosen for measurement from each 
muscle in the current study..

Where M is the muscle mass in grams (g), θ is the 
angle of pennation of the muscle fibres (negligible 
for the muscles studied here), LFn is the average 
normalized fascicle length of the muscle, and ρ is 
muscle density (gm/cm3). 

Mean sarcomere lengths were also represented 
relative to the established sarcomere force-
length relationship for human muscle. Based on 
the cross-bridge theory of muscle contraction, 
the shape of this relationship is governed by 
the overlap between actin and myosin proteins 
(Gordon et al., 1966); this overlap is dependent 
upon the length of these proteins. As these lengths 
are relatively consistent across muscles within a 
species, a defined force-length relationship can be 
presented (Walker and Schrodt, 1974; Burkholder 
and Lieber, 2001).

 Using a two-way mixed-model analysis of 
variance (ANOVA) test, independent variables 
(muscle, sex) were compared within each 
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dependent variable (architectural parameters: 
sarcomere length, PCSA, LFn) for all cadavers 
(n=12) with muscle as a repeated factor for each 
cadaver. If significant differences were found (p < 
0.05), Tukey post-hoc tests were conducted where 
appropriate.

RESULTS
Mean architectural values, separated for males 

and females, of the six deep hip external rotator 
muscles fixed in neutral cadaveric posture are 
found in Table 1. 

A significant effect of sex on PCSA was found, with 
muscles from male donors demonstrating greater 
mean PCSA than muscles from female donors (p < 
0.0001), indicating a greater capacity for force pro-
duction in male muscles (Fig. 3). There were also 
significant differences in PCSA amongst muscles 
of all donors (p < 0.0001) (OI > PI, SG, and IG; OE, PI, 
and QF > SG, IG). There was no statistically signifi-
cant interaction effect for PCSA (p = 0.23).

Fig. 3.- Mean (+ Standard Error of the Mean (SEM)) PCSA for both male 
and female muscles. Male and female were significantly different for 
all muscles. The same letters above the bars indicate muscles were not 
significantly different from one another.

There was no significant difference in LFn be-
tween male and female muscles (p = 0.14) (Fig. 4). 
There was a significant main effect of muscle (p = 
0.0002) for LFn amongst muscles (PI > QF, SG, and 
IG; OE > SG and IG). There was no statistically sig-
nificant interaction effect for LFn (p = 0.27).

There were no significant differences in 
sarcomere length amongst muscles (p = 0.26), 
nor between sexes (p = 0.29), nor a significant 
interaction (p = 0.98) between muscle and sex. 
Mean sarcomere lengths for each muscle were 
between 2.40µm and 2.57µm, indicating that 
they acted between 90.7% and 96.1% of their 
maximal ability to produce force, according to 
the well-established force-length curve (Gordon 
et al., 1966; Walker and Schrodt, 1974). Mean 
sarcomere lengths of each muscle from all donors 
are shown with their relative positions on the 
force-length curve in Fig. 5.

Mean PCSA and LFn for each muscle from all do-
nors, separated by sex, are plotted in Fig. 6.

Fig. 4.- Mean (+ SEM) normalized fascicle length for both male and fe-
male muscles. The same letters above the bars indicate muscles were 
not significantly different from one another.

Table 1. Mean (SEM) measured mass, sarcomere length (SL), normalized fascicle length (LFn) and calculated PCSA of the six deep 
external rotator muscles for male (M) and female (F) cadaveric donors.

Muscle
Mass (g) SL (μm) LFn (cm) PCSA (cm2)

M F M F M F M F

Piriformis 18.9 (2.6) 12.3 (1.4) 2.60 (0.14) 2.49 (0.08) 6.24 (0.25) 6.86 (0.23) 2.93 (0.44) 1.69 (0.22)

Quadratus Femoris 17.9 (2.1) 11.5 (1.0) 2.40 (0.04) 2.38 (0.07) 5.34 (0.54) 5.25 (0.43) 3.26 (0.55) 2.01 (0.23)

Obturator Externus 23.1 (1.5) 19.0 (2.5) 2.58 (0.08) 2.60 (0.07) 6.28 (0.23) 6.33 (0.49) 3.50 (0.29) 2.92 (0.41)

Obturator Internus 29.5 (3.1) 15.1 (3.1) 2.50 (0.13) 2.49 (0.11) 6.54 (0.51) 5.45 (0.51) 4.49 (0.84) 2.78 (0.63)

Superior Gemellus 4.9 (1.3) 2.2 (0.2) 2.56 (0.16) 2.45 (0.10) 4.96 (0.61) 4.59 (0.39) 0.96 (0.30) 0.45 (0.04)

Inferior Gemellus 5.0 (0.9) 2.9 (0.6) 2.45 (0.07) 2.40 (0.13) 5.42 (0.41) 4.50 (0.35) 0.86 (0.16) 0.58 (0.11)
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Fig. 5.- Mean sarcomere length for each muscle represented on the 
force-length curve as a percentage of maximal force production capa-
ble by the sarcomere in neutral cadaveric posture. 

Fig. 6.- Mean (± SEM) PCSA and LFn for both male and female muscles.

DISCUSSION
This is the first study to examine and provide 

a high-resolution data set for the muscle 
architecture of the deep external rotator muscles 
of the hip. Interpretation of muscle functional 
capability, in terms of force generating capability 
and excursion potential, can be interpreted 
based on the architectural parameters PCSA and 
normalized fascicle length, respectively, and 
Figure 6 is provided to facilitate this comparison 
for both male and female muscles. Specifically, 
this enables visualization of which muscles are 
best suited to generating high forces and which 
muscles are best suited to generating force over 
a wide range of lengths and at high velocities. 

Further, these data can provide input for the 
development of biomechanical models of the 
pelvis and lower limb to study a variety of topics 
ranging from gait related disorders, childbirth 
and related muscle weakness, to surgical 
techniques including posterior approach total 
hip arthroplasty that involves the cutting and re-
attachment of the PI, OI, SG, and IG.

Expected differences were observed between 
male and female muscles regarding PCSA. PCSA 
was significantly greater for males (p < 0.0001), 
indicating that male deep external hip rotator 
muscles are able to produce more force than fe-
male muscles. This result was expected, because 
PCSA is largely dictated by the mass of the muscle, 
which is generally correlated to the mass of the 
whole body (Janssen et al., 2000). There were also 
significant differences in PCSA amongst muscles 
of all donors (p < 0.0001) (OI > PI, SG, and IG; OE, 
PI, and QF > SG, IG). Thus, it can be concluded that 
the OI has the greatest force generating potential 
while SG and IG have the lowest. 

Significant differences (p = 0.0002) were 
observed between the LFn of the deep hip external 
rotator muscles (PI > QF, SG, and IG; OE > SG and 
IG), indicating that PI has the greatest excursion 
and contraction velocity potentials and SG and 
IG have the least. No statistically significant 
differences were found for normalized fascicle 
length between males and females, which was of 
itself interesting. Males on average have greater 
body height, and therefore body segments and 
associated muscles would be expected to be longer 
(Statistics Canada, 2008). However, this was not the 
case for the hip external rotator group (Figure 4). 
A potential explanation for this lack of sex-based 
difference in normalized fascicle length relates to 
the differences in the anatomy of male and female 
pelvises. The difference in male and female pelvic 
bone shape observed during dissection for this 
study is well documented (DeSilva and Rosenberg, 
2017). Namely, the male pelvis is generally taller 
and narrower than the female pelvis, with anterior 
angling of the sacrum. Conversely, the female pelvis 
is generally shorter and wider than the male pelvis, 
and has a more posterior angle of the sacrum to 
accommodate childbirth. The increased width of 
the female pelvis results in a broader and more 
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lateral position of the hip joints. These differences 
in pelvis shape appear to offset expected 
differences in overall body height and ultimately 
result in normalized muscle fascicle lengths (LFn) 
of the deep hip external rotator muscles that are 
not different between males and females. 

The mean sarcomere length of a muscle in 
neutral cadaveric posture can be used to infer 
the muscles’ ability to produce contractile force 
(Gordon et al., 1966). Each of the six muscles 
had mean sarcomere lengths, measured in the 
neutral cadaveric posture, between 2.40-2.57µm, 
indicating that in this position they were all 
capable of generating greater than 90 % of their 
maximum isometric force based on their location 
on the ascending limb of the force-length curve. 
This reveals that as the muscles are initially 
lengthened during movement or potential hip 
joint instability, they will become more effective at 
producing force until they surpass approximately 
2.8µm, at which point force production capability 
would drop off. Interestingly, Suh et al (2004) 
demonstrated that reattachment of the external 
rotator muscles to the greater trochanter via 
a pair of transosseous sutures significantly 
lowered the chance of hip dislocation post-THA 
surgery. It is possible that the sarcomere length 
data presented in the current study could be used 
to further improve function of these muscles 
after reinsertion; specifically, intraoperative 
sarcomere length measurements (Lieber and 
Friden, 2001) have the potential to increase 
the likelihood that muscles are reattached at 
their natural in vivo lengths. Exploring this 
might further reduce the muscle weakness and 
instability that can be observed in patients after 
THA surgery. The results of this study are limited 
by the age-range of the individuals from which 
the specimens were collected (mean 79.3 years; 
range 56-88 years). Therefore, the data reported 
here are representative of an older demographic. 
If and how these would change in a younger group 
is unclear, but one previous study of the OI has 
demonstrated that PCSA was significantly lower 
in a group older than 60 years of age compared 
with younger groups, with no changes in LFn or 
sarcomere length with age (Cook et al., 2017). 
Based on this, it is reasonable to expect a younger 

population to have larger PCSAs of all of the hip 
external rotator muscles than those reported 
here, but there is nothing to suggest that mean 
sarcomere lengths or LFns would be different 
between younger and older populations. 

In summary, this study has yielded a high-qual-
ity muscle architecture data-set for the deep hip 
external rotator muscle group. Sarcomere lengths 
measured in the neutral cadaveric posture were 
between 2.40µm and 2.57µm for all six muscles, 
indicating that they act in this position on the 
ascending limb of the force-length relationship 
where they can generated greater than 90% of 
their maximal isometric force. OI had the great-
est force-generating capability and PI the greatest 
length excursion and velocity potentials, while SG 
and IG were the smallest in both regards. The data 
reported here are required parameters that can 
be used to add these muscles to existing software 
models of the hip joint (e.g. OpenSim; Delp and 
Loan, 1995) which can be used to improve the un-
derstanding of the functional importance of these 
muscles and their potential role in preventing or 
treatment of hip disorders, including post-THA 
surgery (e.g. Myers et al., 2019).
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