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Abstract
Sheep are used as models for the human spine, yet comparative in vivo data necessary

for validation is limited. The purpose of this study was therefore to compare spinal motion

and trunk muscle activity during active trunk movements in sheep and humans. Three-

dimensional kinematic data as well as surface electromyography (sEMG) of spinal flexion

and extension was compared in twenty-four humans in upright (UR) and 4-point kneeling

(KN) postures and in 17 Austrian mountain sheep. Kinematic markers were attached over

the sacrum, posterior iliac spines, and spinous and transverse processes of T5, T8, T11, L2

and L5 in humans and over the sacrum, tuber sacrale, T5, T8, T12, L3 and L7 in sheep. The

activity of erector spinae (ES), rectus abdominis (RA), obliquus externus (OE), and obliquus

internus (OI) were collected. Maximum sEMG (MOE) was identified for each muscle and

trial, and reported as a percentage (MOE%) of the overall maximally observed sEMG from

all trials. Spinal range of motion was significantly smaller in sheep compared to humans

(UR / KN) during flexion (sheep: 6–11°; humans 12–34°) and extension (sheep: 4°; humans:

11–17°). During extension, MOE% of ES was greater in sheep (median: 77.37%) than UR

humans (24.89%), and MOE% of OE and OI was greater in sheep (OE 76.20%; OI 67.31%)

than KN humans (OE 21.45%; OI 19.34%), while MOE% of RA was lower in sheep

(21.71%) than UR humans (82.69%). During flexion, MOE% of RA was greater in sheep

(83.09%) than humans (KN 47.42%; UR 41.38%), and MOE% of ES in sheep (45.73%) was

greater than KN humans (14.45%), but smaller than UR humans (72.36%). The differences

in human and sheep spinal motion and muscle activity suggest that caution is warranted

when ovine data are used to infer human spine biomechanics.
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Introduction
Sheep are a commonly used animal model for the human spine, as anatomical similarities in
the human and sheep thoracolumbar spine have been described [1]. In addition, the craniocau-
dal variation in range of motion of single-joint spinal segments under loaded conditions is sim-
ilar between these species [2] and as a result, sheep are deemed particularly suitable for in vitro
spinal range of motion testing [3]. Such in vitro studies are generally performed on functional
spinal units devoid of soft tissue. Although in vitro investigations allow the possibility of mea-
suring parameters which would be difficult or impossible to measure in vivo, the removal of
soft tissue structures in vitro will alter the biomechanical behaviour of the spine. This is illus-
trated by the in vitro stiffness of the full-length caprine spine, which has been shown to reduce
as muscle tissue is removed, in particular upon removal of the dorsal musculature [4]. Further-
more, in vitro biomechanical parameters differ considerably from in vivo conditions due to
active neuromuscular control. As such, the behaviour of a biological system in its entirety (i.e.
in vitro and in vivo) should be considered to allow a more comprehensive biomechanical evalu-
ation of the suitability of an animal model for the human spine.

Range of motion of the human thoracolumbar spine in vivo has been investigated using a
variety of measurement tools including kinematics, electromagnetic tracking devices, dynamom-
eters, inclinometers, tape measure, and goniometry [5]. Although all methods are associated with
some limitations [6], kinematic analysis using passive markers has previously been used for
investigations of the human spine during active trunkmovements [7]. In quadrupeds, kinematics
of the thoracolumbar spine in vivo has also been reported using a similar approach in horses dur-
ing induced active trunk movements [8] and during active cervical spine flexion exercises [9],
however in vivo kinematics of the sheep spine during active exercises have not been quantified.

In man, surface electromyography (sEMG) is well established for the assessment of spinal
muscle function, and it has been used to quantify muscle activation during a variety of condi-
tions, examples of which include perturbations [10–12] and functional tasks [13–15]. Motor
control and muscle coordination are also frequently investigated in man using sEMG [16–18].
Furthermore, the activation of spinal muscles during simple spinal range of motion exercises
has been described [19,20]. Patterns of activation of the spinal muscles during similar active
range of motion exercises have received very little attention in quadrupeds and it is limited to
the muscles of the cervical spine in the horse [21]. To our knowledge, it has never been
reported in sheep. In contrast, sEMG of spinal and trunk muscles has been used to investigate
muscle activity during locomotion in sheep [22,23], dogs [24] and horses [25–30], thereby
illustrating the suitability of sEMG for the investigation of trunk muscles in sheep during simi-
lar movements as those performed in human spinal investigations.

In order to better evaluate the relevance of in vitro spinal data obtained from sheep for
extrapolation to the human spine, data on in vivo spinal biomechanics in sheep should be
obtained using similar methodologies as those used in man. If considerable differences between
human and sheep lumbar spine biomechanics were identified in vivo, despite the spinal biome-
chanics of these species being similar in vitro, the direct extrapolation of in vitro sheep data to
the in vivo human spine, and thereby inferring likely outcomes of spinal interventions, should
be questioned.

Furthermore, such inter-species comparisons should ideally be investigated across an age
range of healthy sheep, to obtain basic spinal biomechanics data for comparison with the
human spine at different ages, as reductions in muscle strength and functionality [31–35] and
reductions in spinal range of motion [36–38] have been shown as a result of ageing in man.
Therefore, between-species and between-age group differences in muscle activation should be
considered.
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Thus the purpose of the present study was to compare spinal range of motion and trunk
muscle activation between healthy humans and sheep of different ages during active spinal
range of motion exercises. It was hypothesised that spinal range of motion in sheep is smaller
compared to that in man regardless of posture adopted. It was also hypothesised that signifi-
cant differences in muscle activity would be found between humans and sheep, although these
differences would be greatest when sheep were compared to humans adopting an upright
bipedal stance.

Materials and Methods

Study population
Twenty-four healthy male and female participants were recruited. Inclusion criteria were age
of 18–25 years (young group, n = 12, female n = 6) or 45–60 years (mature group, n = 12,
female n = 6) and a Body Mass Index (BMI) of 18–25. Participants were excluded if they had
current or a history of low back pain in the last 12 months, previous spinal surgery or fracture,
neurological or orthopaedic disease, open abdominal surgery, or were not deemed eligible to
undergo magnetic resonance imaging (MRI) as the present study was part of a larger study. All
participants received an information sheet and gave written informed consent. Ethical approval
for the humans was granted by the Medical University of Vienna Ethics Committee (1609/
2012).

For the main ovine aspect of the study, 17 male and female Austrian Mountain sheep were
purchased and allocated to an immature group (6–9 months n = 6, female n = 2), young group
(1–3 years n = 6, female n = 6) or a mature group (6–9 years n = 5, female n = 2). In an addi-
tional aspect of the study, three further Austrian mountain sheep were included to determine
the amount of skin displacement from radiography. Sheep were assessed by an experienced
orthopaedic veterinarian and were deemed free from spinal or neurological disorders. Female
sheep underwent an ultrasound investigation to exclude pregnancy. Ethical approval for the
sheep was granted from the Austrian Federal Ministry of Science and Research (13/10/97/
2011). All sheep were accustomed to wearing a halter and were trained to perform active spinal
movements using food as an incentive.

Measurement protocol
Age, height, and body mass were recorded for all humans. In the sheep, approximate age based
on dentition for group allocation, height to the withers, and body mass were obtained.

Test movements were active spinal flexion and extension. Humans performed these move-
ments in four-point kneeling (Kneeling KN—hands and knees on the floor; Fig 1a and 1b) and
in upright bipedal stance (Upright UR; Fig 1c and 1d). The individual in this manuscript has
given written informed consent (as outlined in PLOS consent form) to publish these case
details. Sheep performed these movements in their normal quadrupedal stance incentivised by
food rewards (Fig 1e and 1f). Active movements were performed in a random order (3 trials
per movement). Humans were instructed to perform each movement slowly as far as possible
and return to the starting position, without maintaining end range of motion. In UR, human
participants were asked to move the upper trunk backwards (for extension) or forwards (for
flexion) over the pelvis. In KN, human participants were asked to arch their back up (for flex-
ion) or hollow their back (for extension) as far as possible. Handlers used small amounts of
feed to encourage the sheep to perform the movements slowly to their end range of motion
and return to neutral, while avoiding the sheep taking a step to reach the food. Each individual
movement trail was completed within 10 seconds for both humans and sheep.

Spinal Motion and Muscle Activity in Sheep and Humans
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Data collection
In humans, passive reflective markers were attached to the skin overlying the bony landmarks
of the left and right ulnar styloid process, lateral femoral condyles, lateral malleoli, sacrum (S),
left and right posterior superior iliac spines (PSIS), the spinous process and left and right trans-
verse processes of the 5th thoracic (T5), 8th thoracic (T8), 11th thoracic (T11), 2nd lumbar (L2)
and 5th lumbar (L5) vertebrae using adhesive tape, and three markers were attached to a head-
band worn by the participants (Fig 2a). In sheep, markers were attached laterally over all fet-
lock joints, sacrum (S), left and right tuber sacrale (TS), spinous process and left and right
transverse processes of the fifth thoracic (T5), eighth thoracic (T8), 12th thoracic (T12), third
lumbar (L3), and seventh lumbar (L7) vertebrae, and three on the head (Fig 2b). A set of three
spinal markers per anatomical location is referred to as triad. The slightly different vertebral
locations between the species were chosen to reflect similar spinal levels, i.e. L5 (human) and
L7 (sheep) being the last lumbar vertebra respectively. The sheep were shorn over the trunk to
optimise marker visibility and a small drop of glue was used to ensure marker adhesion. An
experienced musculoskeletal physiotherapist was responsible for marker placement in all
humans, based on palpation of bony landmarks and an experienced orthopaedic veterinarian
placed all spinal markers in the sheep. Latero-lateral radiographs (Computed Radiography,
Imaging plate Fuji) of the thoracic and lumbar spine (70 kV, 2.1 mAs; Super 100 CP, Philips,
Eindhoven, Netherlands) were obtained in a neutral spinal position in each sheep after spinous
process markers were attached, to ensure marker placement was anatomically correct. In the
additional three sheep used to determine skin displacement during active trunk motion, latero-
lateral radiographs were also obtained with the thoracolumbar and sacrum markers attached
whilst performing sustained end range flexion and extension.

In humans and sheep, three-dimensional kinematic data were collected using 10 infrared
cameras (Eagle Digital Real Time System, Motion Analysis Corp., USA) with a sampling rate
of 120Hz using kinematic software (Cortex 3.6.1).

In preparation for sEMG in humans, skin of was shaved where necessary, followed by gentle
abrasion of the area with sand paper and cleaning with alcohol. The sheep were shorn, shaved,
and the skin cleaned with alcohol followed by ether to degrease the skin. sEMG electrodes
(Delsys Trigno, Boston, USA; parallel double bar electrodes 5mm x 10mm, gain 1000) were
attached to the humans over the left and right sides of the following muscles: erector spinae
(ES) 2 fingers width laterally from the thoraco-lumbar junction midline. The SENIAM [Surface

Fig 1. Active movements investigated: (a) human kneeling flexion (b) human kneeling extension (c)
human standing flexion (d) human standing extension (e) sheep flexion (f) sheep extension.

doi:10.1371/journal.pone.0146362.g001
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Electromyography for the Non-Invasive Assessment of Muscles] guidelines recommends 2 fin-
gers width laterally from the spinous process of the first lumbar vertebrae, but as contact loss
was observed during extension in UR in pilot studies, the slightly more cranial location was
selected), rectus abdominis (RA) 2cm above the umbilicus and 1cm lateral to midline [39],
external obliquus (EO) midway between the ASIS and ribcage [40], and internal obliquus (IO)
2cm medially in a horizontal plane from the ASIS [39]. In the sheep, the comparable locations
for sEMG electrode placements were selected for all muscles, as no guidelines or previous
sEMG studies exist in sheep for the muscles investigated in the present study. Longissimus
dorsi muscle, which is the ovine equivalent of the human ES, was used and referred to as ES in
both species for clarity. In humans, sEMG electrodes were attached with non-irritant adhesive
tape. In sheep, an additional small drop of glue was used to optimise electrode contact. Raw
sEMG data were sampled at 1200Hz, passed through a 12 bit AD converter, and stored for pro-
cessing. Kinematic and sEMG data were collected synchronously.

Data analysis
Kinematic data were visually inspected to ensure all movements were representative of the test
movements and individual marker trajectories were smoothed with a low pass 6Hz Butter-
worth filter. Flexion and extension angles between triads were calculated with MATLAB
(2012b), using a protocol similar to other studies [41–43]. In short (also see Fig 3), the x-axis

Fig 2. Human participant in four-point kneeling (a) and sheep (b), showingmarker locations.

doi:10.1371/journal.pone.0146362.g002
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for each spinal segment was defined i.e. in sheep from the sacrum or spinous process marker to
the adjacent more cranially located spinous process marker (e.g. S and L7 spinous process, L7
and L3 spinous processes). The z-axis was defined from the cross product of the x-axis and a
vector between the left and right transverse processes or left and right TS in sheep. The y-axis
was defined as the cross product between the x and z axes. Vectors were normalised and a ZYX
euler angle decomposition [42] was used to determine sagittal plane motion between adjacent
vertebral segments. The resulting curves were smoothed using a moving average of 25 frames.
Using this method, adjacent triads analysed were T8 and T11 in humans and T8 and T12 in
sheep, T11 and L2 in humans and T12 and L3 in sheep, L2 and L5 in humans and L3 and L7 in
sheep, and L5 and the sacrum in humans and L7 and the sacrum in sheep. Angles were
expressed to the nearest degree. For each movement and posture, the mean value of the range
of motion from the three measurement trials was taken. Data were excluded where either start
or end range of motion was not available due to the markers being obscured from camera view
or in sheep where steps were taken.

To determine the amount of skin displacement, the location of each marker relative to its
spinous process was calculated using Sante Dicom viewer Freeware (v. 4.0.9) by defining the
distance between two parallel lines: A line drawn from the centre of the kinematic marker
(indicated by the tip of the screw visible) orientated perpendicularly to the dorsal aspect of the
spinous process, and a second line drawn parallel to the first line which intersected either the
most cranial or caudal aspect of the spinous process. The same reference point (cranial or cau-
dal aspect of the particular spinous process) was used to calculate the amount of craniocaudal
displacement of each kinematic marker between the end range flexion and end range extension
position.

Raw sEMG signals were inspected for any obvious contact loss. Where this occurred, sEMG
data from those muscles were excluded from those trials. Raw sEMG data were full-wave recti-
fied, mean-offset, re-sampled to match kinematic data sampling and a 4th order 6Hz low pass
Butterworth filter was applied to obtain linear envelopes using scripts written in MATLAB
(2008b). The largest (maximal) amplitude of each muscle (maximally observed sEMG [MOE])
was identified from each trial. From these maxima, the overall maximally observed sEMG
(OMOE) was identified for each muscle and individual. MOEs were then normalised to the
OMOE and presented as a percentage [MOE%], i.e. (MOE/ OMOE) � 100. The OMOE in
sheep was identified from all flexion and extension trials, and in humans, the OMOE was iden-
tified from all flexion and extension trials in both UR and KN. The mean of the MOE%s was
calculated for each movement and posture from all included trials.

Fig 3. Vector orientations used to calculate spinal angles.

doi:10.1371/journal.pone.0146362.g003
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The flexor-extensor difference (FED) was calculated from the mean MOE% values for each
individual [44] for each movement and posture as follows:

ðRA leftþ RA rightþ OE leftþ OE rightþ OI left þ OI rightÞ
6

� ðES leftþ ES rightÞ
2

The value in the denominator was amended if a muscle was excluded due to contact loss.
Greater relative flexor muscle activity is indicated by a positive FED value, and a greater relative
extensor muscle activity is indicated by a negative FED value.

Human sEMG data evaluation was conducted by one assessor, while in sheep, 10% of these
files were selected at random and reviewed by a second assessor and data inclusion/exclusion
was based on consensus opinion.

Statistical Analysis
Normal distribution of the data was investigated using a Shapiro-Wilk test and by assessment
of the frequency and Q-Q plots. Height and body mass were compared between the age groups
for each species using an independent t-test (humans) and one-way ANOVA with Bonferroni
post-hoc comparisons (sheep). A two-way factorial ANOVA with species and age group as var-
iables was planned between sheep and UR humans, and between sheep and KN humans, but as
there were not sufficient sheep kinematic data available for each age group and as sEMG data
was not normally distributed, the age groups were combined. An independent t-test was used
for the between-species comparison of spinal range of motion and a Mann-Whitney test was
used for the between-species comparison of sEMG outcomes. Spinal range of motion was com-
pared between human age groups using an independent t-test. Pearson’s correlation coefficient
was used to investigate the association between spinal range of motion and age in sheep.

Results
Mean age of the humans was 22.5 years (± 1.39) in the young group and 50.2 years (± 4.95) in
the mature group. There were no significant differences for height and body mass between the
human groups. Mean height and body mass of the combined groups of humans was 1.74m
(± 0.11) and 68.85kg (±10.87). Range (mean ± standard deviation) of age, height and body
mass of the combined age groups of sheep were 9 months to 8.5 years (3.85 ± 3.65), 0.66 to
0.98m (0.82 ± 0.12) and 41.5 to 113.5 kg (69.60 ±28.22). Mean age and body mass of the three
additional male sheep used to determine skin displacement were age 4.3 ± 0.81 years, body
mass 105.5 ± 9.93kg.

The mean ranges of motion between adjacent triads for each species, movement direction
and posture are shown in Fig 4. As all trials of humans led to a loss of marker visibility during
UR extension, no data are available for this movement and posture. For the comparison
between sheep and KN humans, all adjacent triads except T8-T11/T12 showed a significantly
smaller range of motion in the sheep during both flexion (all p<0.05) and extension (all
p<0.001). For the comparison of flexion between sheep and UR humans, sheep had a signifi-
cantly smaller range of motion between all adjacent levels (all p<0.001). There were no signifi-
cant differences in spinal range of motion between the young and the mature humans, and
there were no significant correlations between sheep spinal range of motion and age.

Examples of human and sheep raw and processed sEMGs are shown in Fig 5. MOE% values
during flexion and extension are displayed in Table 1. During extension, MOE% of ES was
greater in sheep compared to UR humans (p<0.001), MOE% of OE and OI was greater in sheep
compared to KN humans (p<0.001), and MOE% of RA was smaller in sheep compared to UR
humans (p<0.01). During flexion, MOE% of ES was greater in sheep compared to KN humans
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(p<0.001) but smaller compared to UR humans (p<0.05), while MOE% of RA was greater in
sheep compared to both KN and UR humans (p<0.01). Unilateral differences were found for
the MOE% of left OE which was greater in sheep compared to KN humans (p = 0.003), and for
MOE% of right OI, which was greater in sheep compared to UR humans (p = 0.004).

FED was significantly different between sheep and humans in both an UR and KN postures
in both movement directions (see Table 2). For flexion, sheep used significantly less abdominal
activity compared to humans KN (p = 0.044), but human UR used significantly more extensor
muscle activity compared to sheep (p<0.001). For extension, human KN required more exten-
sor muscle activity than sheep (p<0.001), but humans UR used more abdominal muscle activ-
ity compared to sheep (p<0.001).

Skin displacement of the markers overlying the spinous processes of T5, T8, T12, L3, L7 and
the sacrum from end range spinal flexion to end range spinal extension in the additional three
sheep are shown in Table 3. Due to difficulties in the accurate interpretation of the thoracic
images for the marker at T5 in two sheep, the value for this marker in the table represents only
one sheep, whereas all other markers represent data from all three sheep.

Discussion
This is the first in vivo study to report and compare spinal range of motion and muscle activity
between humans and sheep, a commonly used animal model for the human lumbar spine. As

Fig 4. Mean (standard deviation as error bars) of range of motion in degrees between adjacent
vertebral segments during flexion (a) and extension (b) in sheep and human participants in an upright
(UR) and four-point kneeling posture (KN). Brackets and asterisks indicate significance differences
(*p<0.05, **p<0.001) between humans and sheep.

doi:10.1371/journal.pone.0146362.g004

Fig 5. Examples of raw (top images) and filtered (lower images) EMG signals of the muscles erector
spinae left (ESL), erector spinae right (ESR), rectus abdominis left (RAL), rectus abdominis right
(RAR), obliquus externus left (OEL), obliquus externus right (OER), obliquus internus left (OIL), and
obliquus internus right (OIR) with accompanying z-displacement of the 11th (human) or 12th (sheep)
thoracic marker for flexion in a mature human participant in kneeling (left), and a mature sheep (right).

doi:10.1371/journal.pone.0146362.g005

Spinal Motion and Muscle Activity in Sheep and Humans

PLOS ONE | DOI:10.1371/journal.pone.0146362 January 7, 2016 8 / 16



hypothesised, sheep spinal range of motion was significantly smaller compared to that of man
adopting a normal bipedal stance and a four point kneeling (quasi-quadrupedal) posture. Fur-
thermore, distinct differences in the maxima of the normalised sEMGs between humans and
sheep were found.

The moderately high activity of the oblique abdominal muscles in sheep regardless of move-
ment direction is thought to be required to control the relatively large abdomen with the volu-
minous rumen; such an abdomen is absent in healthy weight humans and therefore this does
not pose the same biomechanical challenges. During flexion in sheep, RA appeared to be the
main agonist. This was less apparent in humans where the synchronous activity of RA with the
other abdominal muscles during flexion indicates that the work of flexion is shared between
the abdominal muscles. Alternatively, it may be that RA requires relatively greater work to

Table 1. Medians of the muscle activity of erector spinae left (ESL), erector spinae right (ESR), rectus abdominis left (RAL), rectus abdominis right
(RAR), obliquus externus left (OEL), obliquus externus right (OER), obliquus internus left (OIL), and obliquus internus right (OIR) as a percentage
of themaximally observed EMG (%MOE) in humans in kneeling (KN) and upright (UR) postures and in sheep for extension (E) and flexion (F) move-
ment. P-values indicate between species significant differences for human kneel vs sheep, and human upright vs sheep conditions. Non-significance is indi-
cated by NS.

EXTENSION Muscle Posture human sheep p-value FLEXION Muscle Posture human sheep p-value

ESL KN 86.78 80.76 0.352 ESL KN 14.35 51.71 <0.001

UR 22.77 <0.001 UR 71.21 0.030

ESR KN 86.62 73.98 0.601 ESR KN 14.54 39.75 <0.001

UR 27.87 <0.001 UR 73.51 0.001

RAL KN 17.36 24.24 0.934 RAL KN 48.67 80.80 0.018

UR 80.97 0.002 UR 39.05 0.002

RAR KN 16.79 19.18 0.987 RAR KN 46.17 85.37 0.001

UR 84.41 <0.001 UR 43.71 0.004

OEL KN 19.68 79.82 <0.001 OEL KN 30.55 68.95 0.003

UR 77.92 0.463 UR 55.29 0.345

OER KN 23.21 72.57 <0.001 OER KN 42.95 65.07 0.172

UR 82.04 0.296 UR 52.78 0.521

OIL KN 20.63 72.85 <0.001 OIL KN 74.61 74.30 0.777

UR 79.09 0.823 UR 47.96 0.061

OIR KN 18.05 61.77 <0.001 OIR KN 55.19 74.15 0.368

UR 80.96 0.432 UR 47.72 0.004

doi:10.1371/journal.pone.0146362.t001

Table 2. Medians with lower and upper quartiles in parentheses of the Flexion-Extension Difference
(FED) between the abdominal muscles and spinal extensor in sheep and in humans in a kneeling (KN)
and upright (UR) posture during flexion and extension. A positive value indicates greater abdominal
activity. Identical superscripts indicate significant differences between sheep and human conditions.

Flexion Extension

Sheep 19.02 (8.73, 33.47)a,b -19.39 (-30.62, -12.32)c,d

Human KN 31.52 (18.29, 49.950)a -60.76 (-69.87, -39.46)c

Human UR -23.85 (-41.12, 2.41)b 43.81 (25.14, 62.51)d

p-value:
a = 0.044
b < 0.001
c < 0.001
d < 0.001

doi:10.1371/journal.pone.0146362.t002
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create a flexion moment to counteract the effects of gravity on the sheep abdomen. It has been
proposed that RA is particularly important in quadrupeds due to its long lever arm and close
association to the linea alba, which being a passive tensile band, offers support to the trunk and
abdomen [45].

Another factor to be considered is the effective stiffness of the human and ovine spine. In
vitro stiffness of the thoracolumbar spine has been described in sheep [2] and in the humans
[46], although methodological differences between laboratories make direct comparison lim-
ited. Stiffness of the cervical spine however has been directly compared between humans and
sheep in the same laboratory using the same test set-up, which showed greater stiffness in the
human specimens for the cranial cervical spine, but greater stiffness in the sheep specimens in
the caudal cervical spine [47]. Also between quadrupedal species, different stiffness values have
been reported for the thoracolumbar spine when similar test set-ups were used. For example,
reported caudal thoracic adult sheep spine stiffness [2] is lower than that described in the cau-
dal thoracic spines in calves [48]. The higher agonistic activity of RA during flexion in sheep
could therefore be indicative of the sheep spine being stiffer than the human spine, as it could
be suggested that a stiffer spine requires greater muscle work to create spinal motion. However,
muscle activity of ES was not found to be greater in sheep during extension, probably as the
mass of the abdomen is assisted by gravity and relaxation of the abdominal muscles is sufficient
to allow spinal extension.

When comparing the two postures adopted by the humans in the present study (UR and
KN) to the sheep, the KN position with its smaller range of spinal motion in flexion was more
similar to the ovine flexion. This is likely to be due to both lower/pelvic and upper / thoracic
limbs being in a weight-bearing position, which reduces the freedom of motion of the upper
trunk and thus the ability of the thoracolumbar spine to move through its full available range is
reduced. However, sheep spinal range of motion was still significantly smaller compared to KN
humans, indicating that quadrupedal posture alone is not responsible for the smaller range of
motion observed in the sheep thoracolumbar spine. Several reasons can be hypothesised. The
differences in spinal range of motion between humans and sheep may be due to a combination
of differences in skeletal anatomy i.e. ratio of vertebral body height to width, and anterior disc
heights [1], and in spinal alignment (i.e. lumbar lordosis in humans and lumbar kyphosis in
sheep). Furthermore, sheep very rarely rear up or perform other tasks involving bipedal sup-
port and the quadrupedal posture is their standard body posture. Although humans adopt a
range of postures in activities of daily living, these are primarily restricted to an upright /
bipedal posture, and kneeling postures are less common in adults. Therefore, the musculoskele-
tal system of humans has not adapted to be efficient in a quadrupedal posture, whereas it is
assumed that sheep have evolved a spine with a smaller range of motion to suit their

Table 3. Mean and standard deviation (stdev) of skin displacement in mm of the markers overlying
the sacrum and the spinous processes of L5, L2, T12, T8, and T5. Data from all three sheep is presented
except for the marker over T12, which is only available from one sheet.

Spinal location Skin displacement (mm)

Mean stdev

sacrum 9.60 6.10

L5 15.22 4.00

L2 30.30 7.64

T12 35.37

T8 32.07 5.38

T5 86.82 14.00

doi:10.1371/journal.pone.0146362.t003
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quadrupedal posture. Without this, the passive structures including the long and short spinal
ligaments and the abdominal muscle forces might not be sufficient to stabilise against gravita-
tional extension of the thoracolumbar spine in quadrupeds, or the energetic cost simply be too
great. These factors may also explain why humans in a kneeling posture used more abdominal
muscle activity for a flexion movement and more extensor muscle activity for an extension
movement compared to sheep (based on FED values); the novelty of the exercise may have
required the humans to use relatively greater agonistic activity to perform the tasks and they
had a greater range of motion available to do so. One further observation which was not quan-
tified in the present study was that the cervical region contributed a considerable amount of
motion to overall motion in the sheep. It may be that the relative motion of different anatomi-
cal regions of the spine varies between humans and sheep, i.e. greater in the cervical region and
less in the lumbar region in sheep compared to man. This would benefit from further investiga-
tion in future studies.

As yet, no other studies investigating in vivo sheep spinal range of motion are available for
comparison. However, in vertebral specimens of 4-year old Merino sheep with muscles
removed but intervertebral ligaments kept intact, flexion-extension range of motion of single-
joint segments in the thoracic spine was reported to range from 2 to 5°, whereas in the lumbar
spine these values ranged from 4 to 6° [2]. This is similar to the human lumbar spine in vitro
devoid of musculature but intervertebral ligaments kept intact as median range of motion of
combined flexion-extension of L4-L5 was reported as 6.5° in adult L2-Sacrum specimens [49].
From all spinal angles measured in sheep in the present study, combined flexion and extension
range of motion ranged from 8° to 17° and after correction for the number of vertebrae present
between the marker triads, these values equate to 3 to 8° per thoracolumbar spine motion seg-
ment, which is similar to the motion of single-joint segments previously found by Wilke et al
[2]. The combined flexion-extension range of motion of the lower lumbar spine in KN humans
in the present study (28° spanning three intervertebral joints) may be slightly greater than in
vitro L4-L5 motion reported by Wilke et al [49] after correcting for the number of motion seg-
ments between the marker triads, despite a similar age range of cadavers (28 to 63 years) used
in the study by Wilke et al [49] and participants used in the present study.

There are few reports of spinal range of motion in humans adopting a kneeling posture, and
to our knowledge there are none which have used a detailed kinematic marker set-up allowing
3D angle calculations. However, using a basic marker set-up to determine a 2D spinal angle
during flexion performed in UR and KN, Kuo et al [6] showed a significantly greater flexion
range of motion in UR compared to KN. In the present study, age-related changes in spinal
behaviour were investigated as a potential confounding factor on the study results, and no dif-
ferences between age groups were identified; this is in contrast to Kuo et al [6], where a signifi-
cantly smaller thoracic spine range of motion was found in the mature group of 60–83 years
(34 ± 16°) compared to a young group of 17–27 years (49 ± 12°). As the mature group in the
present study was considerably younger than the mature group in the study of Kuo et al [6],
the lack of age effects in spinal range of motion in the present study is probably explained by
the smaller difference between the age groups.

Many spinal research studies use young, skeletally mature sheep [50] or report sheep as
being skeletally mature without more detail to actual ages being provided [51–53]. Neither dif-
ferences in spinal range of motion between the humans age groups, nor significant correlations
between age and range of motion in sheep were not found in the present study. However, as
ageing has been shown to influence spinal motion in other studies [6,35–37], future investiga-
tions evaluating spinal interventions destined to be used in an older human population should
endeavour to use appropriately age-matched sheep. As growth of the spines of Swiss alpine
sheep was shown to be ceased by 15 to 18 month of age [54], it is unlikely that young sheep will
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have degenerative changes similar to man for which interventions are being sought, as such
changes occur in sheep from the age of 6 years in the ovine intervertebral disc [55].

Active spinal movements similar to those performed in human studies (i.e. feet remaining
stationary and the spine flexed or extended) are less frequently investigated in quadrupeds, and
to our knowledge this is limited to the equine species, where a first description of spinal range
of motion during induced movements reported spinal displacement [8]. In a more recent study
which used a similar set-up as that used the present study, flexion range of motion of two verte-
bral junctions in the equine lumbar spine was found to range from 1 to 5°, while in the caudal
thoracic spine a greater amount of flexion (6 to 7°) was found [9]. Although these values are
greater than the flexion range of motion observed in the sheep in the present study, a similar
regional trend of greater range of motion in the thoracic spine in comparison to the lumbar
spine was seen.

There are limitations in the present study which should be acknowledged. Kinematic analy-
sis of the thoracolumbar spine using a kinematic marker set-up similar to the present study has
been applied in man previously. For example, Wade et al [43] investigated lumbar spine angles
in elite female gymnasts during a landing task, and Ebert et al [41] evaluated side flexion
motion at end range spinal flexion and extension; these studies indicate the feasibility of this
marker set-up. However, neither of these studies investigated full thoracolumbar extension
similar to that performed in the present study. For example, the participants in the study by
Ebert et al [41] performed an anterior pelvic tilt with a lordosis in both sitting in standing,
whereas in the present study, participants were asked to perform full thoracolumbar extension,
moving the upper trunk backwards over the pelvis. Although this will lead to a more natural
and representative movement pattern, it caused markers to be obstructed from camera view,
and for this reason it was not possible to report extension range of motion in standing humans.
Camera positioning from the floor up would have been required, but this set-up would have
been unsuitable for the data collection of both UR flexion and KN flexion and extension, and
the logistics of the data acquisition prevented us from using two camera set-ups one after the
other. Kinematics of full range, standing human thoracolumbar extension has not been
reported previously to our knowledge, probably for this reason. Inertial sensors, which do not
rely on a camera system, could be beneficial for similar extension studies in the future.

Skin movement is a known limitation in kinematic and sEMG studies, and inter-individual
differences in skin displacement in man have been reported [56]. This limitation has also been
described in a canine sEMG study, where relatively loose skin in some dog breeds may have led
to increased cross-talk in the sEMG signal [24]. The use of bone pins for kinematic markers
eliminates the potential error of skin displacement, and this method has been used to quantify
motion in the human spine during locomotion [57,58]. However, bone pins cannot be readily
applied due to their invasive nature. Furthermore, bone pins will also influence the movements
investigated due to possible discomfort or skin tethering on the bone pins, particularly in large
dynamic ranges of motion. The influence of bone pins onto sEMG recordings in the vicinity is
as yet un-documented, but a change in muscle activity has to be expected with such a method.
In order to quantify skin displacement in sheep, which has not previously been reported, cra-
niocaudal skin displacement in three large Austrian mountain sheep was determined in the
present study based on radiographs in maximum flexion and extension, similar to the move-
ments investigated with kinematics and sEMG. These data are thought to present the maximal
likely skin displacement observed in the main study as the sheep used to determine skin dis-
placement were larger than the sheep used in the main study. Skin fixated markers have shown
good agreement with the location of spinal landmarks based on open MRI evaluation in man
during flexed postures, with skin displacement of up to 25mm over the lumbar spine reported
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during maximal spinal flexion [59]. These values are similar to the skin displacement over the
lumbar spine determined in the sheep in the present study.

Normalisation of EMG signals is recommended to minimise the amount in inter-and intra-
variability in EMG signals known to occur in human subjects [17,60], and this is also assumed
to occur in sheep. Due to the additional variability caused by the interspecies comparison in
the present study (i.e. potential differences in skin thickness, impedance, etc.), applying a nor-
malisation technique is imperative to allow comparisons to be made. In man, isometric maxi-
mum voluntary contraction (MVC) is most frequently used as a means of EMG normalisation,
including the trunk muscles and spinal extensors. Unfortunately, this method is not feasible in
animal studies; nor for that matter is it suitable in humans with potential spinal pain. As the
sheep are used to test spinal interventions used in a clinical (human) population, using a
method of sEMG normalisation which is suitable to both an animal and patient population fur-
ther supports the appropriateness of a non-MVCmethod of sEMG normalisation. In addition,
although there are several benefits of the MVCmethod of normalisation when isometric condi-
tions are investigated, the usefulness of this approach for dynamic tasks has been questioned
and mean or peak dynamic normalisation is discussed to be potentially more suitable for nor-
malising EMGs obtained from dynamic activities [60,61]. For this reason, in the present study
normalisation was performed based on the maximally observed EMG, which has also been
used in other animal EMG studies [21,23].

All sheep muscles investigated in the present study showed acceptable sEMG traces in the
majority of measurement trials, despite there being no recommendations for sEMG electrode
placement in sheep and thus locations comparable to the human locations were used to allow a
between-species comparison. Furthermore, at the time of data collection, selection of the
sEMG location for the abdominal muscles in man was based on locations used in previously
published studies. More recently, new recommendations for sEMG sensor placement for OI in
man have been published, this being 2cm below the most prominent part of the anterior supe-
rior iliac spine [62] and different from the location used in the present study, which was slightly
further cranial. This may have influenced the traces of this muscle and therefore this difference
in location should be taken into consideration when comparing the results of the present study
with future studies.

In conclusion, significant differences in spinal range of motion and trunk muscle activity
between sheep and man exist. Even though these differences are overall smaller when compar-
ing sheep with KN humans rather than UR humans, they remain of a magnitude that shows
anatomical and functional differences which go beyond postural effects. The findings of the
present study thus illustrate the influence of in-vivo parameters to be considered before ovine
model data is directly translated to man. In vitro spinal range of motion in man and sheep may
be similar and the quadrupedal spine is thought to experience similar axial loads compared to
man, however the smaller range of spinal motion in sheep in vivo may suggest that spinal
implants tested in a sheep model may experience different stresses compared to those experi-
enced in man. Although speculative at this stage, this could potentially mask the type or rate of
development of implant failures, particularly in the long-term after repeated loading, and this
warrants further investigation. As a future perspective, the exploration of muscle function in
other quadrupeds and its comparison against man will enhance the applicability of the results
of such in vivo interspecies comparisons.

Author Contributions
Conceived and designed the experiments: SV TFL. Performed the experiments: SV TFL. Ana-
lyzed the data: SV TFL. Wrote the paper: SV TFL.

Spinal Motion and Muscle Activity in Sheep and Humans

PLOS ONE | DOI:10.1371/journal.pone.0146362 January 7, 2016 13 / 16



References
1. Wilke HJ, Kettler A, Wenger KH, Claes LE. Anatomy of the sheep spine and its comparison to the

human spine. Anat Rec. 1997; 247: 542–555. PMID: 9096794

2. Wilke H, Kettler A, Lutz CE. Are sheep spines a valid biomechanical model for human spines? Spine.
1997; 22: 2365–2374. PMID: 9355217

3. Wilke HJ, Wenger K, Claes L. Testing criteria for spinal implants: recommendations for the standardiza-
tion of in vitro stability testing of spinal implants. Eur Spine J. 1998; 7: 148–154. PMID: 9629939

4. Valentin S, Groesel M, Licka T. The presence of long spinal muscles increases stiffness and hysteresis
of the caprine spine in-vitro. J Biomech. 2012; 45: 2506–2512. doi: 10.1016/j.jbiomech.2012.07.022
PMID: 22920272

5. Intolo P, Milosavljevic S, Baxter DG, Carman AB, Pal P, Munn J. The effect of age on lumbar range of
motion: A systematic review. Manual Ther. 2009; 14: 596–604.

6. Kuo YL, Tully EA, Galea MP. Video based measurement of sagittal range of spinal motion in young and
older adults. Manual Ther. 2009; 14: 618–622.

7. Ebert R, Campbell A, Kemp-Smith K, O’Sullivan P. Lumbar spine side bending is reduced in end range
extension compared to neutral and end range flexion postures. Manual Ther. 2014; 19: 114–118.

8. Licka T, Peham C. An objective method for evaluating the flexibility of the back of standing horses.
Equine Vet J. 1998; 30: 412–415. PMID: 9758099

9. Clayton HM, Kaiser LJ, Lavagnino M, Stubbs NC. Dynamic mobilisations in cervical flexion: Effects on
intervertebral angulations. Equine Vet J. 2010; 42(Suppl.38): 688–694.

10. Cort JA, Dickey JP, Potvin JR. Trunk muscle contributions of to L4-5 joint rotational stiffness following
sudden trunk lateral bend perturbations. J Electromyogr Kinesiol. 2013; 23: 1334–1342. doi: 10.1016/j.
jelekin.2013.09.006 PMID: 24148963

11. Kanekar N, Aruin AS. The effect of ageing on anticipatory postural control. Exp Brain Res. 2014; 232:
1127–1136. doi: 10.1007/s00221-014-3822-3 PMID: 24449006

12. Shahvarpour A, Shirazi-Adl A, Mecheri H, Lariviere C. Trunk response to sudden forward perturbations-
—Effects of preload and sudden load magnitudes, posture and abdominal antagonistic activation. J
Electromyogr Kinesiol. 2014; 24: 394–403. doi: 10.1016/j.jelekin.2014.03.007 PMID: 24726611

13. Olson MW. Trunk extensor fatigue influences muscle activities during walking gait. J Electromyogr
Kinesiol. 2010; 20: 17–24. doi: 10.1016/j.jelekin.2009.04.006 PMID: 19435670

14. Iida Y, Kanehisa H, Inaba Y, Nakazawa K. Role of the coordinated activities of trunk and lower limb
muscles during the landing-to-jump movement. Eur J Appl Physiol. 2012; 112: 2223–2232. doi: 10.
1007/s00421-011-2199-2 PMID: 21997678

15. Cuesta-Vargas AI, Cano-Herrera CL, Heywood S. Analysis of the neuromuscular activity during rising
from a chair in water and on dry land. J Electromyogr Kinesiol. 2013; 23: 1446–1450. doi: 10.1016/j.
jelekin.2013.06.001 PMID: 23834813

16. Hodges PW. Pain and motor control: From the laboratory to rehabilitation. J Electromyogr Kinesiol
2011; 21: 220–228. doi: 10.1016/j.jelekin.2011.01.002 PMID: 21306915

17. Hug F. Can muscle coordination be precisely studied by surface electromyography? J Electromyogr
Kinesiol. 2011; 21: 1–12. doi: 10.1016/j.jelekin.2010.08.009 PMID: 20869882

18. D’Hooge R, Hodges P, Tsao H, Hall L, MacDonald D, Danneels L. Altered trunk muscle coordination
during rapid trunk flexion in people in remission of recurrent low back pain. J Electromyogr Kinesiol.
2013; 23: 173–181. doi: 10.1016/j.jelekin.2012.09.003 PMID: 23079004

19. Peach JP, Sutarno CG, McGill SM. Three-dimensional kinematics and trunk muscle myoelectric activity
in the young lumbar spine: A database. Arch Phys Med Rehabil. 1998; 79: 663–669. PMID: 9630146

20. Hashemirad F, Talebian S, Hatef B, Kahlaee AH. The relationship between flexibility and EMG activity
pattern of the erector spinae muscles during trunk flexion-extension. J Electromyogr Kinesiol. 2009; 19:
746–753. doi: 10.1016/j.jelekin.2008.02.004 PMID: 18400517

21. Zsoldos RR, Krüger B, Licka TF. Frommaturity to old age: tasks of daily life require a different muscle
use in horses. Comp Exerc Physiol. 2014; 10: 75–88.

22. CockramMS, Murphy E, Ringrose S, Wemelsfelder F, Miedema HM, Sandercock DA. Behavioural and
physiological measures following treadmill exercise as potential indicators to evaluate fatigue in sheep.
Animal. 2012; 6: 1491–1502. doi: 10.1017/S1751731112000638 PMID: 23031523

23. Valentin S, Licka TF. Comparative need for spinal stabilisation between quadrupedal and bipedal loco-
motion. Comp Exerc Physiol. Forthcoming 2015.

24. Fischer S, Nolte I, Schilling N. Adaptations in muscle activity to induced, short term hindlimb lameness
in trotting dogs. PLoS ONE. 2013; 8:e80987. doi: 10.1371/journal.pone.0080987 PMID: 24236207

Spinal Motion and Muscle Activity in Sheep and Humans

PLOS ONE | DOI:10.1371/journal.pone.0146362 January 7, 2016 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/9096794
http://www.ncbi.nlm.nih.gov/pubmed/9355217
http://www.ncbi.nlm.nih.gov/pubmed/9629939
http://dx.doi.org/10.1016/j.jbiomech.2012.07.022
http://www.ncbi.nlm.nih.gov/pubmed/22920272
http://www.ncbi.nlm.nih.gov/pubmed/9758099
http://dx.doi.org/10.1016/j.jelekin.2013.09.006
http://dx.doi.org/10.1016/j.jelekin.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24148963
http://dx.doi.org/10.1007/s00221-014-3822-3
http://www.ncbi.nlm.nih.gov/pubmed/24449006
http://dx.doi.org/10.1016/j.jelekin.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24726611
http://dx.doi.org/10.1016/j.jelekin.2009.04.006
http://www.ncbi.nlm.nih.gov/pubmed/19435670
http://dx.doi.org/10.1007/s00421-011-2199-2
http://dx.doi.org/10.1007/s00421-011-2199-2
http://www.ncbi.nlm.nih.gov/pubmed/21997678
http://dx.doi.org/10.1016/j.jelekin.2013.06.001
http://dx.doi.org/10.1016/j.jelekin.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23834813
http://dx.doi.org/10.1016/j.jelekin.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21306915
http://dx.doi.org/10.1016/j.jelekin.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20869882
http://dx.doi.org/10.1016/j.jelekin.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23079004
http://www.ncbi.nlm.nih.gov/pubmed/9630146
http://dx.doi.org/10.1016/j.jelekin.2008.02.004
http://www.ncbi.nlm.nih.gov/pubmed/18400517
http://dx.doi.org/10.1017/S1751731112000638
http://www.ncbi.nlm.nih.gov/pubmed/23031523
http://dx.doi.org/10.1371/journal.pone.0080987
http://www.ncbi.nlm.nih.gov/pubmed/24236207


25. Robert C, Valette JP, Denoix JM. The effects of treadmill inclination and speed on the activity of three
trunk muscles in the trotting horse. Equine Vet J. 2001; 33: 466–472. PMID: 11558741

26. Robert C, Valette JP, Pourcelot P, Audigue F, Denoix JM. Effects of trotting speed on muscle activity in
saddlehorses. Equine Vet J Suppl. 2002; 34: 295–301. PMID: 12405704

27. Wakeling JM, Ritruechai SD, Nankervis K. Segmental variation in the activity and function of the equine
longissimus dorsi muscle during walk and trot. Equine Comp Exerc Physiol. 2007; 4: 95–103.

28. Licka T, Frey A, Peham C. Electromyographic activity of the longissimus dorsi muscles in horses when
walking on a treadmill. Vet J. 2009; 180: 71–76. doi: 10.1016/j.tvjl.2007.11.001 PMID: 18314362

29. Zsoldos RR, Kotschwar A, Kotschwar AB, Rodriguez CP, PehamC, Licka T. Activity of the equine rec-
tus abdominis and oblique external abdominal muscles measured by surface EMG during walk and trot
on the treadmill. Equine Vet J. 2010; 42(Suppl.38): 523–529.

30. Zsoldos RR, Kotschwar AB, Kotschwar A, Groesel M, Licka T, PehamC. Electromyography activity of
the equine splenius muscle and neck kinematics during walk and trot on the treadmill. Equine Vet J.
2010; 42(Suppl.38): 455–461.

31. Frontera WR, Hughes VA, Fielding RA, Fiatarone MA, EvansWJ, Roubenoff R. Aging of skeletal mus-
cle: a 12-yr longitudinal study. J Appl Physiol 2000; 88: 1321–1326. PMID: 10749826

32. Adedoyin RA, Mbaba CE, Farotimi AO, Johnson OE, Emechete AAI. Endurance of low back muscula-
ture: Normative data for adults. J Back Musculoskelet Rehabil. 2011; 24: 101–109. doi: 10.3233/
BMR20110282 PMID: 21558615

33. Singh DKA, Bailey M, Lee R. Strength and fatigue of lumbar extensor muscles in older adults. Muscle
Nerve. 2011; 44: 74–79. doi: 10.1002/mus.21998 PMID: 21488056

34. Sions JM, Tyrell CM, Knarr BA, Jancosko A, Binder-Macleod SA. Age- and stroke-related skeletal mus-
cle changes: A review for the geriatric clinician. J Geriatr Phys Ther. 2012; 35: 155–61. doi: 10.1519/
JPT.0b013e318236db92 PMID: 22107952

35. Kuo FC, Hong CZ, Liau BY. Kinematics and muscle activity of the head, lumbar and knee joints during
180° turning and sitting down task in older adults. Clin Biomech. 2014; 29: 14–20.

36. Sullivan MS, Dickinson CE, Troup JD. The influence of age and gender on lumbar spine sagittal plane
range of motion. A study of 1126 healthy subjects. Spine. 1994; 19: 682–686. PMID: 8009333

37. Dvorak J, Vajda EG, Grob D, Panjabi MM. Normal motion of the lumbar spine as related to age and
gender. Eur Spine J. 1995; 4: 18–23. PMID: 7749901

38. Bible JE, Simpson AK, Emerson JW, Biswas D, Grauer JN. Quantifying the effects of degeneration and
other patient factors on lumbar segmental range of motion using multivariate analysis. Spine. 2008; 33:
1793–1799. doi: 10.1097/BRS.0b013e31817b8f3a PMID: 18628713

39. Beith ID, Synnott RE, Newman SA. Abdominal muscle activity during the abdominal hollowing manoeu-
vre in the four point kneeling and prone positions. Manual Ther. 2001; 6: 82–87.

40. Ekstrom RA, Donatelli RA, Carp KC. Electromyographic analysis of core trunk, hip, and thigh muscles
during 9 rehabilitation exercises. J Orthop Sports Phys Ther. 2007; 37: 754–762. doi: 10.2519/jospt.
2007.2471 PMID: 18560185

41. Ebert R, Campbell A, Kemp-Smith K, O’Sullivan P. Lumbar spine side bending is reduced in end range
extension compared to neutral and end range flexion postures. Manual Ther. 2014; 19: 114–118.

42. Faber GS, Chang CC, Rizun P, Dennerlein JT. A novel method for assessing the 3-D orientation accu-
racy of inertial/magnetic sensors. J Biomech. 2013; 46: 2745–2751. doi: 10.1016/j.jbiomech.2013.07.
029 PMID: 24016678

43. WadeM, Campbell A, Smith A, Norcott J, O’Sullivan P. Investigation of spinal postures and ground
reaction forces during landing in elite female gymnasts. J Appl Biomech. 2012; 28: 677–686. PMID:
22661081

44. Valentin S, Licka T. Comparative need for spinal stabilisation between quadrupedal and bipedal loco-
motion. Comp Exerc Physiol. 2015; 11: 95–105.

45. Smit TH. The use of a quadruped as an in vivo model for the study of the spine—biomechanical consid-
erations. Eur Spine J. 2002; 11: 137–144. PMID: 11956920

46. Busscher I, van Dieën JH, Kingma I, van der Veen AJ, Verkerke GJ, Veldhuizen AG. Biomechanical
characteristics of different regions of the human spine. An in vitro study on multilevel spinal segments.
Spine. 2009; 34: 2858–2864. doi: 10.1097/BRS.0b013e3181b4c75d PMID: 20010393

47. Kandziora F, Pflugmacher R, Scholz M, Schnake K, Lucke M, Schröder R, et al. Comparison between
sheep and human cervical spines. An anatomic, radiographic, bone mineral density, and biomechani-
cal Study. Spine. 2001; 26: 1028–1037. PMID: 11337621

Spinal Motion and Muscle Activity in Sheep and Humans

PLOS ONE | DOI:10.1371/journal.pone.0146362 January 7, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/11558741
http://www.ncbi.nlm.nih.gov/pubmed/12405704
http://dx.doi.org/10.1016/j.tvjl.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18314362
http://www.ncbi.nlm.nih.gov/pubmed/10749826
http://dx.doi.org/10.3233/BMR20110282
http://dx.doi.org/10.3233/BMR20110282
http://www.ncbi.nlm.nih.gov/pubmed/21558615
http://dx.doi.org/10.1002/mus.21998
http://www.ncbi.nlm.nih.gov/pubmed/21488056
http://dx.doi.org/10.1519/JPT.0b013e318236db92
http://dx.doi.org/10.1519/JPT.0b013e318236db92
http://www.ncbi.nlm.nih.gov/pubmed/22107952
http://www.ncbi.nlm.nih.gov/pubmed/8009333
http://www.ncbi.nlm.nih.gov/pubmed/7749901
http://dx.doi.org/10.1097/BRS.0b013e31817b8f3a
http://www.ncbi.nlm.nih.gov/pubmed/18628713
http://dx.doi.org/10.2519/jospt.2007.2471
http://dx.doi.org/10.2519/jospt.2007.2471
http://www.ncbi.nlm.nih.gov/pubmed/18560185
http://dx.doi.org/10.1016/j.jbiomech.2013.07.029
http://dx.doi.org/10.1016/j.jbiomech.2013.07.029
http://www.ncbi.nlm.nih.gov/pubmed/24016678
http://www.ncbi.nlm.nih.gov/pubmed/22661081
http://www.ncbi.nlm.nih.gov/pubmed/11956920
http://dx.doi.org/10.1097/BRS.0b013e3181b4c75d
http://www.ncbi.nlm.nih.gov/pubmed/20010393
http://www.ncbi.nlm.nih.gov/pubmed/11337621


48. Wike HJ, Krischak ST, Wenger KH, Claes LE. Load-displacement properties of the thoracolumbar calf
spine: experimental results and comparison to known human data. Eur Spine J. 1997; 6: 129–137.
PMID: 9209882

49. Wilke HJ, Wolf S, Claes LE, Arand M, Wiesend A. Stability increase of the lumbar spine with different
muscle groups. Spine. 1995; 20: 192–198. PMID: 7716624

50. Kubosch D, Milz S, Sprecher CM, Südkamp NP, Müller CA, Strohm PC. Effect of graft size on graft frac-
ture rate after anterior lumbar spinal fusion in a sheep model. Injury. 2010; 41: 768–771. doi: 10.1016/j.
injury.2009.08.014 PMID: 19740465

51. Heineck J, Haupt C, Werner K, Rammelt S, Zwipp H, Wilke HJ. Fracture models in the lumbar sheep
spine: A biomechanical investigation. J Orthopaed Res. 2010; 28: 773–777.

52. LehmannW, Ushmaev A, Ruecker A, Nuechtem J, Grossterlinden L, Begemann PG, et al. Comparison
of open versus percutaneous pedicle screw insertion in a sheep model. Eur Spine J. 2008; 17: 857–863.
doi: 10.1007/s00586-008-0652-7 PMID: 18389291

53. Sugiyamam S, Wullschleger M, Wilson K, Williams R. Reliability of clinical measurement for assessing
spinal fusion: An experimental sheep study. Spine. 2012; 37: 763–768. doi: 10.1097/BRS.
0b013e31822ffa05 PMID: 21897345

54. Hasler C, Sprecher CM, Milz S. Comparison of the immature sheep spine and the growing human
spine: A spondylometric database for growth modulating research. Spine. 2010; 35: E1262–E1272.
doi: 10.1097/BRS.0b013e3181e24196 PMID: 20938392

55. Melrose J, Burkhardt D, Taylor TKF, Dillon CT, Read R, Cake M, et al. Calcification in the ovine interver-
tebral disc: a model of hydroxyapatite deposition disease. Eur Spine J. 2009; 18: 479–489. doi: 10.
1007/s00586-008-0871-y PMID: 19165512

56. Zemp R, List R, Gülay T, Elsig JP, Naxera J, Taylor WR, et al. Soft tissue artefacts of the human back:
Comparison of the sagittal curvature of the spine measured using skin markers and an open upright
MRI. PLoS ONE. 2014; 9: e95426. doi: 10.1371/journal.pone.0095426 PMID: 24748013

57. Rozumalski A, Schwartz MH, Wervey R, Swanson A, Dykes DC, Novacheck T. The in vivo three-
dimensional motion of the human lumbar spine during gait. Gait Posture. 2008; 28: 378–384. doi: 10.
1016/j.gaitpost.2008.05.005 PMID: 18585041

58. Macwilliams BA, Rozumalski A, Swanson AN, Wervey R, Dykes DC, Novacheck TF, et al. Three-
dimensional lumbar spine vertebral motion during running using indwelling bone pins. Spine. 2014; 39:
E1560–E1565. doi: 10.1097/BRS.0000000000000646 PMID: 25341976

59. Mörl F, Blickhan R. Three-dimensional relation of skin markers to lumbar vertebrae of healthy subjects
in different postures measured by open MRI. Eur Spine J. 2006; 15: 742–751. PMID: 16047207

60. Burden A. How should we normalise electromyograms obtained from healthy participants? What we
have learned from over 25 years of research. J Electromyogr Kinesiol. 2010; 20: 1023–35. doi: 10.
1016/j.jelekin.2010.07.004 PMID: 20702112

61. Balshaw TG, Hunter AM. Evaluation of electromyography normalisation methods for the back squat. J
Electromyogr Kinesiol. 2012; 22(2):308–19. doi: 10.1016/j.jelekin.2011.11.009 PMID: 22155060

62. Boccia G, Rainoldi A. Innervation zones location and optimal electrodes position of obliquus internus
and obliquus externus abdominis muscles. J Electromyogr Kinesiol. 2014; 24: 25–30. doi: 10.1016/j.
jelekin.2013.10.017 PMID: 24280244

Spinal Motion and Muscle Activity in Sheep and Humans

PLOS ONE | DOI:10.1371/journal.pone.0146362 January 7, 2016 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/9209882
http://www.ncbi.nlm.nih.gov/pubmed/7716624
http://dx.doi.org/10.1016/j.injury.2009.08.014
http://dx.doi.org/10.1016/j.injury.2009.08.014
http://www.ncbi.nlm.nih.gov/pubmed/19740465
http://dx.doi.org/10.1007/s00586-008-0652-7
http://www.ncbi.nlm.nih.gov/pubmed/18389291
http://dx.doi.org/10.1097/BRS.0b013e31822ffa05
http://dx.doi.org/10.1097/BRS.0b013e31822ffa05
http://www.ncbi.nlm.nih.gov/pubmed/21897345
http://dx.doi.org/10.1097/BRS.0b013e3181e24196
http://www.ncbi.nlm.nih.gov/pubmed/20938392
http://dx.doi.org/10.1007/s00586-008-0871-y
http://dx.doi.org/10.1007/s00586-008-0871-y
http://www.ncbi.nlm.nih.gov/pubmed/19165512
http://dx.doi.org/10.1371/journal.pone.0095426
http://www.ncbi.nlm.nih.gov/pubmed/24748013
http://dx.doi.org/10.1016/j.gaitpost.2008.05.005
http://dx.doi.org/10.1016/j.gaitpost.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18585041
http://dx.doi.org/10.1097/BRS.0000000000000646
http://www.ncbi.nlm.nih.gov/pubmed/25341976
http://www.ncbi.nlm.nih.gov/pubmed/16047207
http://dx.doi.org/10.1016/j.jelekin.2010.07.004
http://dx.doi.org/10.1016/j.jelekin.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20702112
http://dx.doi.org/10.1016/j.jelekin.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22155060
http://dx.doi.org/10.1016/j.jelekin.2013.10.017
http://dx.doi.org/10.1016/j.jelekin.2013.10.017
http://www.ncbi.nlm.nih.gov/pubmed/24280244

