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Structural and functional anatomy of the neck
musculature of the dog (Canis familiaris)
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Abstract

The morphometric properties and the anatomical relationships of the entire musculature of the canine cervical
spine are reported herein. These data were obtained from the dissection of cadavers of six dogs. Total muscle
length, muscle weight, fascicle length and angles of pennation were recorded for each muscle comprising the
canine cervical spine. Based upon these properties, physiological cross-section area (PCSA) and architectural index
were estimated. When scaled by whole body mass, the values of each of these parameters were found to be similar
between all dogs. Muscles that course from the cranial neck to the shoulder girdle or the rib cage (e.g. brachio-
cephalicus and rhomboideus capitis) were found to have relatively long fascicles and low PCSA values and thus
appear to be designed for rapid excursions. By contrast, muscles that primarily support the neck and shoulder
against gravitational forces (e.g. serratus ventralis and trapezius) were found to have relatively high PCSA values
and short fascicle lengths, and thus have the capacity to generate large forces. Differences of morphometry as well
as nomenclature were found between the canine and human neck musculature. Nevertheless, many similarities
exist; in particular, both species have similar muscles adapted to force generation or large excursions. We thus con-
clude that the canine neck may be used as a modelling tool for biomechanical investigations of the human cervical
region as long as the differences listed are borne in mind.
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Villarraga et al. 1999). However, significant data relevant

Introduction to the study of the canine cervical spine are lacking.

Numerous biomechanical investigations of the human
cervical spine have been published in recent years (e.g
White et al. 1975; Deng & Goldsmith, 1987; Winters &
Peles, 1990; Snijders et al. 1991; Kumaresan et al. 1999;
Yoganandan et al. 2001).

The canine cervical spine has been used extensively
as a model for the human cervical spine. Such studies
are essential for the elucidation of biological processes
that cause diseases in this body segment, the assessment
of the feasibility and consequences of surgical proce-
dures, and the evaluation of the characteristics of dif-
ferent fixation devices (Gooding et al. 1975; Whitehill
& Barry, 1985; Panjabi et al. 1988; Sharp et al. 1989;
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The musculature of the canine cervical spine stabi-
lizes the head, neck and thoracic segments (Nickel et al.
1986); these muscles produce head movements, main-
tain posture and resist undesired perturbations. Head
positioning is crucial to a wide range of activities,
including visual and auditory orientation, feeding and
vestibular function. In animals, activities such as
grooming, predation and defence are also dependent
upon head position and neck movement.

In vivo studies to determine muscle forces, loads and
stresses in vertebrae are technically difficult to perform,
and the data obtained from such studies are limited.
Therefore, theoretical and numerical biomechanical
models have been developed as tools aimed at gaining
insight into the kinematics and kinetics of the cervical
spine (Winters, 1988; Snijders et al. 1991; Li et al. 1995).
Biomechanical models of cervical segments require
knowledge of the magnitude and direction of all forces
acting upon them (Keshner et al. 1997; Runciman &
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Richmond, 1997; Cheng & Scott, 2000; Richmond et al.
2001; Gellman et al. 2002). Consequently, such models
require a comprehensive database, which includes the
morphometric parameters describing the architecture
of each of these muscles. Analyses of such models
enable the determination of clinically significant para-
meters, including muscle forces, intervertebral loads
and intervertebral disc pressure.

The basic morphometric quantities and anatomical
data required for such models consist of the total
weight and length of each muscle, its fascicle length,
and the orientation of its fibres (angle of pennation).
Other parameters that have been reported include
fibre type composition and dynamic joint angles during
various activities (Zajac, 1989; Zajac & Gordon, 1989;
Richmond, 1998).

A study by Kamibayashi & Richmond (1998) described
the anatomy and morphometry of the muscles of the
cervical spine in humans. Other studies described a
similar database for non-human primates (Richmond
et al. 2001), cats (Selbie et al. 1993; Richmond et al.
1999) and horses (Gellman et al. 2002). However, to
the best of our knowledge, similar studies describing the
anatomy and morphometry of the musculature of the
canine neck are not available.

The study reported here describes the results of
a comprehensive investigation of the anatomy and
detailed architecture of the musculature of the canine
neck. Comparison is made with the human cervical
musculature. We also compare the scaled physiological
cross-section area (PCSA) of equivalent human and
canine muscles, and examine the association between
fascicle length-PCSA and muscle function. The data
presented can then be used to create biomechanical
models of the canine neck and to make estimates of
the muscle’s capacity of force development.

Materials and methods
Specimens

The study is based on the dissection of cadavers of six
young adult dogs that were put-down at a local animal
shelter due to dog population control regulations
(dogs A-F). The dogs were of mixed breed and well
muscled, with lean to moderate body condition
scores. They ranged in weight from 19 to 28 kg (mean
23.8 kg), and were estimated by their dentition to be
between 2 and 5 years of age. All animals were found

Table 1 Subject data

Dog Age (years) Mass (kg) Breed
A 4 25 mixed
B 3 24 mixed
C 2 19 mixed
D 4 20 mixed
E 5 27 mixed
F 2 28 mixed

to be healthy by ante-mortem physical examination.
The details of all dogs used in this study are listed in
Table 1.

Dissection

Immediately following euthanasia, the skin and sub-
cutaneous tissues of the right forequarter were carefully
removed. Each of the muscles of the right-hand side of
the neck was identified, carefully isolated and removed.
Measurements and evaluations were performed within
hours of euthanasia, and thus were not significantly
affected by rigor mortis. Duration of each dissection
ranged between 5 and 7 h. Tissues were kept moist with
physiological saline (0.9%) throughout the dissection
and measurement processes. The list of muscles studied
is given in Table 2.

Muscle parameters

Immediately after removal of superficial fat and
fascia, each muscle was weighed with an electronic digital
scale, thus avoiding dehydration artefacts. Measure-
ment precision was £0.01 g. Total muscle length was
defined as the overall distance between (but not
including) the muscle’s tendinous attachments. Each
muscle was placed on a flat dissection surface, and its
length measured with a flexible tape measure, so that
curved surfaces could be followed (Kamibayashi &
Richmond, 1998). Measurement precision was +0.05 cm.
Pennation angle, defined as the angle formed between
the direction of muscle fascicles and the line connect-
ing the muscle’s origin and insertion, was evaluated
with a protractor. Measurement precision was £2°. Muscles
with varying pennation angles were sampled at five
sites from different regions within the muscle, and
the average angle was determined by calculating the
arithmetic mean (Lieber & Friden, 2000).
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Table 2 Total mass, length and pennation angle of canine neck muscles

Muscle mass (g) Total muscle length (cm)

Pennation
Muscle Abbreviation n Mean (SD) Range Mean (SD) Range angle (°)
Trapezius — cervical portion TR 6 31.11 (8.29) 22.03-45.06 12.68 (2.39) 9.1-15.1 0-12(6)
Brachiocephalicus Br 6 91.47 (17.15) 73.13-117.04 28.67 (3.22) 24.7-335 0-5
Omotransversarius oM 6 36.94 (6.90) 29.29-45.6 16.87 (2.76) 14.8-20.8 0-5
Rhomboideus capitis RCP 6 6.23 (1.34) 4.46-8.23 18.00 (2.90) 15.1-22.1 0-5
Rhomboideus cervicis RC 6 28.10 (7.90) 17-37.12 17.47 (4.21) 12.8-22.1 0-40 (20)
Serratus ventralis cervicis G, SV.G, 4 9.13 (6.06) 5.04-17.9 14.05 (3.87) 9.6-17.9 0-5
Serratus ventralis cervicis G, SV.G 6 13.32 (6.89) 6.29-26.25 11.20 (3.20) 7.5-15.7 0-5
Serratus ventralis cervicis C, SV.C, 6 10.68 (3.72) 6.51-17.6 9.98 (2.63) 7.1-141 0-5
Serratus ventralis cervicis Cg SV.C 6 17.15 (5.46) 12.35-26.98 9.20 (2.18) 6.8-12.5 0-5
Serratus ventralis cervicis Cg SV.Cq 6 13.65 (3.75) 8.45-17.15 8.12 (1.57) 6.6-10.7 0-20(10)
Serratus ventralis cervicis G, SV.G, 6 15.17 (3.23) 10.83-19.19 8.20 (1.28) 6.5-9.8 0-25 (12.5)
Splenius SP 6 95.36 (25.26) 53.57-121.65 22.67 (5.63) 17.8-32.6 0-35(17.5)
Longissimus capitis LC 6 23.52 (7.52) 11.32-32.65 19.57 (5.70) 14.2-29.5 0-10
Longissimus cervicis C; LCV.G 5 8.31 (3.96) 3.4-13.35 11.08 (1.93) 9.1-13.7 0-5
Longissimus cervicis C, LCV.C, 5 10.68 (4.05) 6.12-17.07 11.30 (2.26) 8.8-14.5 0-35(17.5)
Longissimus cervicis Cs LCV.Cg 5 10.77 (5.29) 5.82-18.29 12.17 (2.84) 8-15.6 0-25(12.5)
Longissimus cervicis Cg LCV.Cg 5 9.61 (5.01) 4.93-15.96 11.63 (2.74) 8.5-16.1 0-5
Spinalis et semispinalis SST & SSC 6 30.99 (8.24) 22.89-45.91 20.52 (4.23) 17-28.4 0-5
Biventer cervicis BC 6 65.31 (15.76)  50.21-84.65 24.35 (4.42) 20.7-31.3 0-5
Complexus C;-C, COMP.C,, 6 17.67 (5.68) 12.77-28.06 13.30 (2.68) 9.5-16.4 0-5
Complexus Cg COMP.Cq 5 8.06 (3.73) 3.97-12.74 13.15 (2.84) 9.4-15.4 0-5
Complexus Cg COMP.C; 5 8.02 (2.16) 5.61-10.29 13.73 (3.14) 9.3-16.5 0-5
Complexus C, COMP.C, 6 9.74 (2.95) 5.77-13.75 15.76 (3.52) 9.6-18.4 0-5
Complexus T, COMP.T, 5 10.88 (4.54) 7.1-18.19 13.25 (2.43) 11.2-16.5 0-5
Intertransversarii cervicis IC 5 4848 (10.74) 38.19-66.54 16.46 (2.34) 13.9-20.1 0-35(17.5)
Multifidus cervicis MC 5 26.14 (6.91) 17.23-32.15 13.14 (2.73) 10.0-17.0  0-40 (20)
Sterno-occipitalis SO 5 2334 (9.22) 13.72-35.06 16.48 (2.46) 14.1-20.4 0-5
Sternomastoideus SM 5 32.12 (10.83) 16.49-43.13 16.34 (2.12) 13.9-19.3 0-5
Sternohyoideus SH 5 20.09 (-4.85) 15.13-26.28 16.08 (-2.30) 14.2-19.8 0-5
Sternothyroideus ST 5 10.75 (-5.81) 5.83-19.49 15.48 (-2.50) 11.5-17.5 0-5
Scalenus supercostalis dorsalis SSD 5 11.27 (2.73) 6.36-15.15 11.62 (2.56) 9.5-16.9 0-5
Scalenus supercostalis intermedius SSI 5 13.21 (5.29) 8.37-21.07 14.20 (3.35) 12.0-20.1 0-5
Scalenus supercostalis ventralis SSvV 5 5.59 (2.06) 2.21-12.01 8.26 (2.50) 5.8-12.4 0-5
Scalenus primae costae dorsalis SPD 5 1.00 (0.40) 0.61-1.52 2.08 (0.44) 1.1-2.7 0-45 (22.5)
Scalenus primae costae intermedius ~ SPI 5 2.50 (1.76) 1.35-5.69 3.98 (1.18) 2.9-5.8 0-5
Scalenus primae costae ventralis SPV 5 3.67 (1.69) 1.9-6.15 5.66 (0.48) 5-6.1 0-5
Longus capitis C, LCP.G, 5 10.95 (3.48) 6.15-13.75 7.80 (1.11) 6.7-9.3 0-5
Longus capitis C, 5 LCP.C,; 5 1227 (4.63) 6.8-18.84 9.62 (2.26) 7-129 0-5
Longus capitis C, s ¢ LCP.C, s 5 23.09 (7.05) 15.72-31.8 13.28 (3.16) 8.3-16.5 0-5
Longus colli C,-C, LCO.C,-C, 5 7.02 (2.13) 3.87-9.43 5.86 (0.63) 5.4-6.6 0-20 (10)
Longus colli C,~C; LCO.C,—Cs 5 8.37 (2.43) 6.77-12.6 6.04 (0.78) 5.2-7.1 0-20 (10)
Longus colli C;—C, LCO.C—Cq 4 1250 (3.35) 8.26-17.21 7.46  (1.21) 56-88  0-20(10)
Longus colli C-C, LCO.C-C, 4 4.10 (0.93) 2.85-4.94 4.90 (0.49) 4.3-5.6 0-20 (10)
Longus colli G,-T, LCO.C-T, 4 4.10 (1.35) 2.83-6.35 4.12 (1.24) 2.0-5.2 0-20 (10)
Rectus capitis latetralis RCL 4 1.36 (0.27) 1.11-1.73 3.08 (0.59) 2.6-3.8 0-5
Rectus capitis ventralis RCV 3 0.94 (0.12) 0.81-1.04 3.00 (0.26) 2.7-3.2 0-5
Rectus capitis dorsalis Major RCD.Major 5 8.54 (3.17) 5.23-12.57 7.78 (1.20) 6.2-9.3 0-5
Rectus capitis dorsalis Intermedius RCD.Inter 5 4.95 (1.25) 3.44-6.42 4.80 (1.01) 3.8-6.5 0-20 (10)
Rectus capitis dorsalis Minor RCD.Minor 5 1.97 (0.79) 1.18-3.29 2.62 (0.74) 1.6-3.4 0-5
Oblique capitis caudalis e]ld¢ 5 38.22 (10.90) 26.81-49.59 5.86 (0.73) 5-6.8 0-5
Oblique capitis carnialis principle OCCrP 5 7.80 (2.65)  4.46-10.6 5.34 (0.84) 4.3-6.3 0-5
Oblique capitis carnialis accessory OCCrA 5 4.58 (0.55) 4.02-5.21 4.60 (0.74) 3.9-5.5 0-5

Note: n represents number of dogs evaluated. Pennation angle is represented as the range of five individual
measurements, and the mean is provided in parentheses where the range exceeds 0-10°.
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Muscle fascicles are defined as bundles of 20-50
muscle fibres (Sacks & Roy, 1982). Their length was deter-
mined using the protocol described by Sacks & Roy
(1982). Briefly, each muscle was placed in 10% formalin
for 48-72 h. It was then soaked in 0.4 m phosphate-
buffered saline solution, at a pH of 7.2, for 24-48 h,
and then placed in 10% sulfuric acid solution for 3-
7 days until fascicles could be teased apart easily. Fixa-
tion of muscles with an embalming solution similar to
the solution used in this study was shown to cause neg-
ligible (< 5%) shrinkage of muscle fibres (Cuts, 1988).
Using surgical forceps and scalpel, a fascicle was dis-
sected from the muscle and its length was measured
with a flexible tape measure. Measurement precision
was +0.05 cm. Muscles in which fascicle length appeared
to be non-uniform were represented by averaging
lengths from 3-8 fascicles dissected at various locations.
The most superficial fascicles were avoided because
they tend to be slightly longer than fascicles within the
muscle belly (Kamibayashi & Richmond, 1998).

Normalization of fascicle lengths was carried out in
one dog (chosen at random - dog F) by measuring indi-
vidual sarcomere lengths in fascicles obtained from
each cervical muscle. This process was performed bi-
laterally so that sarcomere lengths could be compared
between each muscle on the right side and its corre-
sponding muscle on the left side. Biopsies were
obtained from 1-5 representative sites throughout
each muscle, with the aid of a stereomicroscope.
Excised fibres were mounted on a glass slide, cover-
slipped using glycerol and evaluated by a light micro-
scope (Nikon E800) with a 100x oil-immersion objective.
A high-resolution image (Nikon DXM 1200) was
processed by image processing software (Image-pro
plus 5.0). Sarcomere length was calculated as the mean
of measurements made at 20-60 random locations
throughout the fibre (see for example Fig. 1). The
mean measured fascicle length was then corrected by
multiplying it by the ratio of the measured sarcomere
length and the optimal canine sarcomere length,
assumed to be 2.5 um (Herzog et al. 1992; W. Herzog,
personal communication, 2004).

PCSA is the ratio between muscle volume and effec-
tive fascicle length (Wickiewicz et al. 1983; Raikova &
Prilutsky, 2001). It reflects the number of sarcomeres
lying in parallel, and is therefore proportional to the
amount of force the muscle can generate. The PCSA of
each muscle was calculated according to the following
equation:

Sarcomere
length

10 um

Fig. 1 Image to show method for measuring sarcomere length
(right trapezius, dog E) using light microscope. The mean
sarcomere length for this muscle was found to be 3.08 pm
(x100).

PCSA = (m cos 6)/p! (1)

where m is the muscle mass (g), 6 is the average angle
of pennation for the muscle fascicle (degrees), / is the
muscle fascicle length (cm), and p is the muscle tissue
density (g cm=). A uniform density of 1.06 g cm= was
assumed (Mendez & Keys, 1960).

Architectural index (Al) reflects the number of sar-
comeres in series in a muscle, and is proportional to the
potential velocity of muscle contraction. The Al of each
muscle is defined as the ratio between the muscle’s
fascicle length and the total length of the muscle:

Al = /L (2)

where [ is the muscle fascicle length (cm) and L is total
muscle length (cm).

Muscles with small areas of attachment were con-
sidered single units, exerting force in a straight line
connecting their origin and insertion. Muscles with
multiple or large attachment sites were divided based
on anatomical features, with each division considered
as a separate unit.

In order to facilitate comparisons between muscles
in different species with those of humans, Richmond
et al. (2001) recommended a scaling procedure for the
values of PCSA. This scaling procedure assumes that the
geometry of the musculature of both species is similar
in principal, and therefore the conversion of parameters

© 2006 The Authors
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of linear dimensions from dog to humans is based on
the third root of their weight ratios. For area dimen-
sions, such as PCSA, the linear scaling ratio is squared
(Schmidt-Nielsen, 1984; Richmond et al. 2001). In this
study, linear scaling was based on the average weight
of the dogs (23.8 kg) relative to the average weight of
human specimens used by Richmond et al. (64 kg) and
is therefore 1: 1.39 (linear dimension); for area dimen-
sions, such as PCSA, this scaling factor is squared, and is
1:1.93 (linear dimension?).

To determine whether the morphometric parameters
could be extrapolated to dogs of different sizes, muscle
mass, PCSA and fascicle length were scaled by whole
body mass assuming geometric similarity. Muscle mass
was scaled as a fraction of body mass (g kg™"), PCSA as
a fraction of body mass*® (cm? kg=?), and fascicle length
as a fraction of body mass"® (cm kg "3).

Results

The presentation of the results of this study follows the
form suggested by Kamibayashi & Richmond (1998) in
order to facilitate comparison with results reported for
humans and non-human primates. Anatomical data
and morphometric parameters for all muscles dissected
from the right side of each of the six dogs used in this
study are listed in Tables 2 and 3. Comparison between
muscles of the right and left sides is presented in

Fig. 2 Comparison of scaled PCSA values
between dogs and humans (human data
obtained from Kamibayashi &
Richmond, 1998). Muscle abbreviations:
TR, trapezius - cervical portion; BR,
brachiocephalicus; SO, sterno-occipitalis;
SM, sternomastoideus; RC, rhomboideus 20
capitis and rhomboideus cervicis; SV,
serratus ventralis cervicis; SP, splenius,
BC, biventer cervicis; SS, scalenus
supracostalis; SP, scalenus primae costae;
LCP, longus capitis; OCC, oblique capitis
caudalis; RCL, rectus capitis lateralis;
RCD.Maj., rectus capitis dorsalis major;
RCD.Int., rectus capitis dorsalis
intermedius. Due to differences in
nomenclature and anatomy between
these species, the chart relates only to
those muscles which were found to share
similar function and structure. PCSA
values of several muscles are summed

25 A

10 +

PCSA-Human (cm?)

RCD.Maj
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Table 4. The parameters presented include total muscle
mass, total muscle length, pennation angle, fascicle
length, PCSA and Al. In order to ensure precision, the
lengths of the muscles were measured both in situ and
after dissection, and results were compared. Differ-
ences were found to be less than 5%. For those muscles
consisting of several subunits, the data are presented
for each subunit.

Muscle mass, PCSA and fascicle length data were
scaled assuming geometric similarity (Table 5). For each
of the three parameters, the scaled values of all sub-
jects were quite similar (see Table 5a—c).

A comparison of the scaled values of PCSA between
humans and dogs is presented in Fig. 2. The ordinate
represents the values of PCSA of muscles in humans,
and the abscissa represents the values of PCSA of the
same muscles in the dog. Therefore, muscles whose
value falls on the diagonal are those where the PCSA is
the same in both species, those below the diagonal line
have higher PCSA values in the dog, and those above
the diagonal line have larger PCSA values in humans.

The relationship between PCSA (which is propor-
tional to maximal muscle force capacity) and fascicle
length (proportional to maximum muscle excursion) is
presented in Fig. 3. Those muscles characterized by
long fascicles and small PCSA, and those muscles char-
acterized by short fascicles and large PCSA are sur-
rounded by circles (Lieber & Friden, 2000, 2001).

SP

&BC
SS +SP o °®
BR + SO + SM

e OCC

o SV
o LCP

(e.g. the human BR muscle is equivalent 0
to the sum of the canine BR, SO and SM
muscles), in order to enable comparison
between muscles of the dog and human.

© 2006 The Authors
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Table 3 Fascicle lengths, PCSA and Al of canine neck muscles

Fascicle length (cm) PCSA (cm?) Al (cm cm™)
Muscle Abbreviation n Mean (SD) Range Mean (SD) Range Mean (SD) Range
Trapezius — cervical portion TR 6 6.5 (452) 1.7-13.2 463 (1.29) 3.50-6.82 0.52 (0.07) 0.40-0.59
Brachiocephalicus Br 6 21.0 (4.78) 16.0-31.4 4.27 (1.24) 3.28-5.97 0.74 (0.10) 0.60-0.86
Omotransversarius oM 6 13.7 (3.55) 11.1-20.5 2.66 (0.62) 2.12-3.70 0.83  (0.09) 0.76-0.98
Rhomboideus capitis RCP 6 14.0 (2.88) 11.6-19.4 0.42 (0.12) 0.32-0.63 0.81 (0.08) 0.70-0.92
Rhomboideus cervicis RC 6 59 (298) 29-129 467 (2.05) 2.31-7.39 0.37 (0.17) 0.21-0.57
Serratus ventralis cervicis C, SV.G, 4 10.2 (4.03) 6.6-15.6 0.64 (0.13) 0.55-0.72 0.78 (0.12) 0.70-0.92
Serratus ventralis cervicis C; SV.G 6 8.8 (241) 58-13.4 154 (0.78) 0.97-2.88 0.94 (0.22) 0.77-1.33
Serratus ventralis cervicis C, SV.C, 6 7.7 (1.71) 6.0-11.3 1.34 (0.51) 0.82-2.06 0.84 (0.06) 0.76-0.91
Serratus ventralis cervicis Cg SV.C 6 70 (1.39) 5.3-10.0 2.30 (0.83) 1.58-3.72 0.83 (0.03) 0.79-0.87
Serratus ventralis cervicis Cg SV.GC 6 55 (0.78) 3.9-6.3 219 (0.54) 1.40-2.74 0.73 (0.13) 0.59-0.87
Serratus ventralis cervicis C, SV.G, 6 4.2 (0.69) 3.2-55 3.29 (0.37) 2.70-3.71  0.53 (0.08) 0.45-0.65
Splenius SP 6 9.5 (6.98) 2.5-20.4 8.56 (2.22) 5.96-12.00 0.50 (0.11) 0.43-0.70
Longissimus capitis LC 6 39 (1.13) 1.4-13.4 545 (1.72) 3.29-7.42 0.22 (0.04) 0.17-0.29
Longissimus cervicis C, LCV.C 5 9.6 (2.02) 6.8-13.2 0.60 (0.16) 0.44-0.82 0.75 (0.22) 0.41-0.93
Longissimus cervicis C, LCV.C, 5 74 (2.75) 3.0-12.0 1.25 (0.73) 0.73-2.37 0.73 (0.19) 0.43-0.82
Longissimus cervicis Cs LCV.C 5 6.3 (1.27) 4.5-8.8 1.64 (1.00) 0.72-3.11 0.63 (0.18) 0.35-0.82
Longissimus cervicis Cg LCV.C 5 6.1 (3.38) 3.1-13.7 1.51 (0.99) 0.52-2.86 0.55 (0.25) 0.35-0.97
Spinalis et semispinalis SST & SSC 6 14.4 (3.10) 10.9-19.5 2.09 (0.38) 1.48-2.48 0.69 (0.14) 0.55-0.84
Biventer cervicis BC 6 129 (3.91) 8.1-20.7 496 (4.31) 3.76-6.52 0.52  (0.08) 0.44-0.59
Complexus C;-C, COMP.C;, 6 7.9 (2.81) 5.5-12.9 2.12 (0.17) 1.90-2.28 0.57 (0.15) 0.40-0.73
Complexus Cg COMP.Cq 5 10.0 (2.52) 7.5-13.5 0.58 (0.18) 0.46-0.79 0.78 (0.13) 0.63-0.86
Complexus Cg COMP.C, 5 109 (3.28) 7.8-15.2 0.62 (0.03) 0.59-0.65 0.82 (0.13) 0.68-0.91
Complexus C, COMP.C, 6 99 (431) 25-159 090 (0.27) 0.64-1.28 0.70 (0.22) 0.49-0.90
Complexus T, COMP.T, 5 96 (0.87) 8.1-10.5 0.79 (0.06) 0.74-0.85 0.80 (0.15) 0.62-0.89
Intertransversarii cervici IC*
Multifidus cervicis MC*
Sterno-occipitalis SO 5 15.0 (2.15) 12.8-18.6 1.43 (0.43) 0.92-1.82 0.92 (0.03) 0.89-0.97
Sternomastoideus SM 5 14.8 (2.82) 9.8-18.3 2.11 (0.69) 1.42-3.23 0.88 (0.09) 0.73-0.95
Sternohyoideus SH 5 149 (2.70) 13.6-18.8 1.32 (0.43) 0.92-1.97 0.92 (0.09) 0.77-0.97
Sternothyroideus ST 5 149 (2.61) 13.4-17.4 0.74 (0.54) 0.36-1.66 0.96 (0.07) 0.89-1.07
Scalenus supercostalis dorsalis SSD 5 95 (2.36) 7.6-149 1.07 (0.25) 0.75-1.40 0.81 (0.07) 0.71-0.88
Scalenus supercostalis intermedius ~ SSI 5 115 (3.90) 7.0-19.5 1.06 (0.18) 0.79-1.29 0.79 (0.09) 0.66-0.88
Scalenus supercostalis ventralis SSV 5 6.2 (1.74) 5.0-10.5 0.65 (0.23) 0.41-1.01 0.76 (0.06) 0.71-0.86
Scalenus primae costae dorsalis SPD 5 16 (053) 09-25 060 (0.20) 0.32-0.91 0.77 (0.11) 0.66-0.89
Scalenus primae costae intermedius SPI 5 27 (0.75) 2.0-4.2 0.77 (0.20) 0.58-1.10 0.79 (0.11) 0.61-0.88
Scalenus primae costae ventralis SPV 5 49 (0.66) 4.2-6.3 0.75 (0.27) 0.40-1.02 0.85 (0.07) 0.75-0.95
Longus capitis C, LCP.C, 5 51 (2.00) 25-84 234 (1.24) 0.78-3.74 0.64 (0.15) 0.46-0.80
Longus capitis C, 5 LCP.C,5 5 56 (1.18) 3.3-75 223 (1.31) 1.18-4.34 0.60 (0.16) 0.39-0.78
Longus capitis C, 5 ¢ LCP.Cys ¢ 5 85 (2.89) 3.2-125 2.64 (0.96) 1.64-4.04 0.66 (0.16) 0.43-0.80
Longus colli C,-C, LCO.C,-C, 5 2.1 (0.33) 1.6-2.7 3.07 (0.70) 2.05-3.65 0.36 (0.03) 0.32-0.41
Longus colli C,—Cg LCO.C—Cs 5 20 (0.50) 0.9-26 3.82 (0.57) 3.31-4.78 0.34 (0.06) 0.27-0.41
Longus colli G;-C¢ LCO.G-C, 4 22 (0.55) 1.3-2.8 4.85 (1.53) 2.90-6.15 0.33 (0.09) 0.27-0.47
Longus colli C-C, LCO.C-C, 4 18 (044) 1.3-25 240 (0.33) 2.15-2.89 0.35 (0.05) 0.30-0.39
Longus colli G,-T, LCO.C,-T, 4 1.7 (0.18) 1.5-19 234 (1.06) 1.66-3.93 0.49 (0.29) 0.29-0.93
Rectus capitis latetralis RCL*
Rectus capitis ventralis RCV*
Rectus capitis dorsalis Major RCD.Major 5 63 (1.19) 49-83 130 (0.55) 0.95-2.26 0.81 (0.06) 0.71-0.87
Rectus capitis dorsalis Intermedius ~ RCD.Inter 5 36 (1.06) 22-54 130 (0.34) 0.99-1.79 0.60 (0.08) 0.41-0.74
Rectus capitis dorsalis Minor RCD.Minor 5 16 (046) 1.0-24 1.21 (0.28) 0.77-1.43 0.60 (0.13) 0.41-0.74
Oblique capitis caudalis elde 5 46 (1.25) 3.0-6.6 7.94 (2.54) 5.92-12.08 0.79 (0.06) 0.70-0.85
Oblique capitis carnialis principle OCCrP 5 23 (057) 13-3.2 337 (1.43) 1.79-5.13 0.44 (0.11) 0.32-0.55
Oblique capitis carnialis accessory OCCrA 5 23 (030) 1.9-2.8 1.88 (0.19) 1.60-2.05 0.51 (0.05) 0.45-0.57

PCSA, physiological cross-section area; Al, architectural index; n, number of dogs evaluated.
*Four muscles do not have values reported in this table.
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Table 4 Parameters obtained from the bilateral dissection of dog F

Normalized
Muscle Muscle Mean fascicle fascicle Normalized
length (cm) mass (g) length (cm) Sarcomere length (um) length (cm) PCSA (cm?)
Left Right

Muscle name Left Right Left Right Left Right Mean Range Mean Range Left Right Left Right
Trapezius — cervical portion 15.8 15.1 32.78 29.59 7.40 8.38 2.26 (1.63-2.88) 3.08 (2.61-3.35) 8.19 6.80 3.78 4.1
Brachiocephalicus — entire muscle 30.2 30.9 86.90 88.34 27.42 25.97

Cleidobrachialis 28.18 28.62 10.60 10.30 2.26 (1.94-2.59) 2.56 (2.13-2.91) 11.73 10.06 2.27 2.69
Cleidomastoideus 25.24 27.17 16.95 17.35 1.91 (1.76-2.12) 2.21 (1.98-2.63) 22.19 19.63 1.07 1.31
Cleidocervicalis 33.48 32.55 15.80 16.00 2.75 (2.32-3.16) 2.85 (2.27-3.54) 14.36 14.04 2.20 2.19
Omotransversarius 23.2 20.0 33.15 33.64 19.95 18.55 2.91 (2.64-3.32) 2.28 (1.83-2.84) 17.14 20.34 1.83 1.56
Rhomboideus capitis 20.5 22.1 5.58 6.75 18.05 19.95 2.26 (2.02-2.46) 2.55 (2.36-2.86) 19.97 19.56 0.26 0.33
Rhomboideus cervicis 22 22.1 42.28 37.12 6.39 6.37 1.97 (1.60-2.48) 2.85 (2.42-3.28) 8.1 5.59 4.92 6.27
Serratus ventralis cervicis G, 16.8 15.7 11.72 9.35 14.55 13.80 2.16 (1.85-2.48) 2.04 (1.72-2.38) 16.84 16.91 0.66 0.52
Serratus ventralis cervicis C, 14.3 14.1 11.36 10.45 12.25 12.10 2.35 (2.13-2.53) 2.48 (2.19-2.92) 13.03 12.20 0.82 0.81
Serratus ventralis cervicis Cg 12.6 12.5 16.85 17.80 10.67 12.23 2.29 (2.13-2.45) 2.97 (1.98-3.49) 11.65 10.29 1.37 1.63
Serratus ventralis cerviciis Cq 11.2 10.7 15.00 16.75 8.68 8.53 2.32 (1.88-2.72) 2.67 (2.15-3.23) 9.35 7.99 1.51 1.98
Serratus ventralis cervicis C, 10.6 9.8 19.32 16.71 6.66 5.52 1.72 (1.52-2.14) 1.88 (1.60-2.14) 9.68 7.34 1.88 2.15
Scalenus supercostalis dorsalis 19.5 16.9 10.16 15.15 16.20 14.90 2.72 (2.34-2.93) 3.18 (2.79-3.50) 14.89 11.71 0.64 1.22
Scalenus supercostalis intermedius 20.3 19.5 18.30 14.76 17.95 18.05 1.96 (1.65-2.14) 2.74 (2.40-3.14) 22.90 16.47 0.75 0.85
Scalenus supercostalis ventralis 13.4 12.4 10.82 12.01 8.21 7.07 2.73 (2.50-3.22) 2.88 (2.26-3.33) 7.52 6.14 1.36 1.85
Scalenus prima costae dorsalis 1.7 1.1 0.83 0.61 1.40 1.30 2.61 (2.40-2.77) 2.77 (2.22-3.20) 1.34 1.17 0.58 0.49
Scalenus prima costae intermedius 3.8 3.0 1.65 1.35 3.40 2.90 2.24 (1.97-2.43) 2.65 (2.33-3.01) 3.79 2.74 0.41 0.47
Scalenus prima costae ventralis 6.6 6.1 3.96 2.50 5.70 4.46 1.51 (1.38-1.77) 2.39 (1.93-2.72) 9.44 4.67 0.40 0.51
Longissimus capitis 31.1 29.5 33.22 32.65 8.78 9.06 2.12 (1.45-2.46) 2.46 (2.14-2.67) 10.35 9.21 3.03 3.35
Splenius 334 32.6 106.98 110.72 13.88 13.20 2.10 (1.58-2.60) 2.72 (2.23-3.21) 16.52 12.13 6.11 8.62
Biventer cervicis 30.5 31.3 75.77 74.33 18.50 17.43 2.32 (1.41-3.25) 2.80 (2.15-3.36) 19.94 15.56 3.59 4.51
Longissimus cervicis C; 11.8 10.2 10.30 13.35 6.53 8.15 2.15 (1.74-2.42) 3.14 (2.82-3.53) 7.59 6.49 1.28 1.94
Longissimus cervicis C, 13.8 13.3 10.42 11.28 12.87 12.70 2.12 (1.76-2.57) 3.07 (2.55-3.54) 15.18 10.34 0.65 1.03
Longissimus cervicis Cs 13.7 14.2 5.60 5.82 10.10 9.95 2.19 (1.93-2.41) 3.02 (1.84-3.69) 11.53 8.24 0.46 0.67
Longissimus cervicis Cq 13.4 16.1 18.05 15.96 5.65 5.95 1.97 (1.68-2.49) 3.03 (2.29-3.45) 7.17 4.91 2.38 3.07
Spinalis et semispinalis — cervicis 19.4 18.5 19.22 17.71 3.64 2.58 3.03 (2.58-3.35) 2.84 (2.48-3.29) 3.00 2.27 6.04 7.36
Spinalis et semispinalis — thoracis 14.2 13.4 21.03 15.42 14.00 15.20 2.24 (1.91-2.75) 3.02 (2.67-3.52) 15.63 12.58 1.27 1.16
Complexus - entire muscle 28.5 27.4 59.34 61.82 7.31 8.52
Complexus C, 5 15.95 15.44 14.80 11.80 2.00 (1.59-2.92) 2.17 (1.68-2.74) 18.50 13.59 0.81 1.07
Complexus Cg 8.2 7.81 16.15 13.25 2.00 2.17 20.19 15.26 0.38 0.48
Complexus Cg 10.53 10.29 17.45 14.00 2.00 2.17 21.81 16.13 0.46 0.60
Complexus C, 11.3 10 17.60 15.65 2.00 2.17 22.00 18.03 0.49 0.52
Complexus T, 14.49 18.2 19.90 17.85 2.00 2.17 24.88 20.56 0.55 0.84

Note: Data regarding braciocephalicus and complexus are provided both for the entire muscle and for its anatomical subunits.
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Table 5 Muscle mass, PCSA and fascicle length as a fraction of body mass

(a) Muscle mass (g) as a fraction of body mass (kg)

Subject

Muscle A B C D E F Mean SD

Trapezius — cervical portion 1.80 1.28 1.16 1.21 1.30 1.06 1.30 0.26
Brachiocephalicus 4.68 3.91 3.85 3.67 3.82 3.16 3.85 0.49
Omotransversarius 1.77 1.59 1.54 1.54 1.69 1.20 1.55 0.20
Rhomboideus capitis 0.33 0.26 0.27 0.22 0.25 0.24 0.26 0.04
Rhomboideus cervicis 1.45 1.26 1.19 0.85 0.94 1.33 1.17 0.23
Serratus ventralis cervicis C, NM 0.21 NM 0.25 0.31 0.64 0.35 0.19
Serratus ventralis cervicis C; 1.05 0.47 0.33 0.63 0.52 0.33 0.56 0.27
Serratus ventralis cervicis C, 0.70 0.43 0.46 0.33 0.39 0.37 0.45 0.13
Serratus ventralis cervicis Cg 1.08 0.58 0.65 0.66 0.69 0.64 0.72 0.18
Serratus ventralis cervicis Cg 0.69 0.50 0.57 0.42 0.62 0.60 0.57 0.09
Serratus ventralis cervicis C, 0.77 0.45 0.63 0.76 0.64 0.60 0.64 0.12
Splenius 4.87 4.1 2.82 3.90 4.06 3.95 3.95 0.66
Longissimus capitis 1.01 0.95 0.60 0.99 1.09 1.17 0.97 0.20
Longissimus cervicis C; 0.44 0.21 0.18 0.32 0.40 0.48 0.34 0.12
Longissimus cervicis C, 0.68 0.41 0.32 0.34 0.48 0.40 0.44 0.13
Longissimus cervicis Cs 0.65 0.43 0.43 0.30 0.68 0.21 0.45 0.19
Longissimus cerviciis Cq 0.27 0.34 0.31 0.25 0.59 0.57 0.39 0.15
Spinalis et semispinalis 1.10 1.05 1.20 1.57 1.70 1.18 1.30 0.27
Biventer cervicis 3.16 2.13 2.76 2.51 3.14 2.65 2.73 0.39
Complexus C;—C, 0.80 0.67 0.72 0.64 1.04 0.55 0.74 0.17
Complexus Cs 0.51 0.21 NM 0.20 0.40 0.28 0.32 0.13
Complexus Cg 0.34 0.25 NM 0.28 0.36 0.37 0.32 0.05
Complexus C, 0.37 0.51 0.39 0.29 0.51 0.36 0.40 0.09
Complexus T, 0.49 0.30 0.49 0.38 NM 0.65 0.46 0.13
Sterno-occipitalis 0.52 0.43 0.33 0.49 0.48 0.54 0.47 0.08
Sternomastoideus 0.60 0.37 0.44 0.56 0.78 0.53 0.55 0.14
Sternohyoideus 0.12 0.24 0.12 0.18 0.26 0.43 0.22 0.12
Sternothyroideus 0.06 0.04 0.08 0.04 0.03 0.02 0.04 0.02
Scalenus supercostalis dorsalis 0.23 0.07 0.16 0.08 0.06 0.05 0.11 0.07
Scalenus supercostalis intermedius 0.11 0.21 0.10 0.19 0.23 0.09 0.15 0.06
Scalenus supercostalis ventralis 1.17 0.99 0.72 0.74 1.30 NM 0.98 0.26
Scalenus primae costae dorsalis 1.73 1.31 0.87 1.40 1.53 NM 1.37 0.32
Scalenus primae costae intermedius 0.92 0.86 0.80 0.77 0.97 NM 0.86 0.09
Scalenus primae costae ventralis 0.78 0.34 0.31 0.32 0.51 NM 0.45 0.20
Longus capitis C, 0.53 0.26 NM 0.53 0.51 NM 0.46 0.13
Longus capitis C, 5 0.59 0.79 0.54 0.34 0.39 NM 0.53 0.18
Longus capitis C; 5 ¢ 1.08 1.04 0.83 0.80 1.18 NM 0.98 0.16
Longus colli C,-C, 0.33 0.31 0.32 0.19 0.35 NM 0.30 0.06
Longus colli C,-Cg 0.32 0.32 0.36 0.34 0.47 NM 0.36 0.06
Longus colli C;—C¢ 0.55 0.34 0.67 0.53 0.64 NM 0.55 0.13
Longus colli C-C, 0.11 0.19 0.18 0.25 0.17 NM 0.18 0.05
Longus colli G,-T, 0.16 0.26 0.15 0.17 0.15 NM 0.18 0.05
Rectus capitis dorsalis Major 0.08 0.14 0.09 0.09 0.04 NM 0.09 0.03
Rectus capitis dorsalis Intermedius 0.40 0.35 0.23 0.29 0.39 NM 0.33 0.07
Rectus capitis dorsalis Minor 0.20 0.17 0.24 0.20 0.19 NM 0.20 0.03
Oblique capitis caudalis 1.98 1.50 1.54 1.34 1.84 NM 1.64 0.26
Oblique capitis carnialis principle 0.05 0.07 0.06 NM 0.05 NM 0.06 0.01
Oblique capitis carnialis accessory 0.04 NM 0.05 NM 0.03 NM 0.04 0.01

NM, not measured.
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Table 5 Continued

(b) PCSA (cm)? as a fraction of body mass (kg)**

Subject

Muscle A B C D E F Mean SD

Trapezius — cervical portion 0.80 0.56 0.50 0.57 0.44 0.41 0.55 0.14
Brachiocephalicus 0.70 0.63 0.49 0.45 0.37 0.35 0.50 0.14
Omotransversarius 0.43 0.33 0.32 0.33 0.24 0.19 0.31 0.08
Rhomboideus capitis 0.07 0.05 0.06 0.04 0.04 0.03 0.05 0.01
Rhomboideus cervicis 0.92 0.81 0.64 0.33 0.29 0.60 0.60 0.25
Serratus ventralis cervicis C, NM 0.09 NM 0.07 0.02 0.12 0.07 0.03
Serratus ventralis cervicis G, 0.34 0.16 0.14 0.20 0.11 0.07 0.17 0.09
Serratus ventralis cervicis C, 0.24 0.19 0.18 0.1 0.10 0.09 0.15 0.06
Serratus ventralis cervicis Cg 0.44 0.27 0.28 0.21 0.22 0.16 0.26 0.09
Serratus ventralis cervicis Cg 0.31 0.24 0.33 0.19 0.31 0.20 0.26 0.06
Serratus ventralis cervicis G, 0.41 0.33 0.48 0.45 0.42 0.31 0.40 0.07
Splenius 1.47 1.17 0.88 1.00 0.99 0.86 1.06 0.23
Longissimus capitis 0.48 0.79 0.46 0.80 0.82 0.37 0.62 0.21
Longissimus cervicis C; NM 0.07 0.06 0.08 0.09 0.21 0.10 0.06
Longissimus cervicis C, NM 0.30 0.11 0.1 0.13 0.09 0.15 0.09
Longissimus cervicis Cg NM 0.18 0.18 0.10 0.35 0.06 0.18 0.11
Longissimus cerviciis Cg NM 0.18 0.16 0.07 0.32 0.29 0.20 0.10
Spinalis et semispinalis NM 0.26 0.21 0.34 0.25 0.22 0.26 0.05
Biventer cervicis 0.76 0.64 0.77 0.51 0.54 0.41 0.61 0.15
Complexus C;—-C, NM 0.25 0.32 0.26 0.25 0.13 0.24 0.07
Complexus Cs NM 0.06 NM 0.06 0.09 0.06 0.07 0.01
Complexus Cg NM 0.07 NM 0.09 0.07 0.08 0.08 0.01
Complexus C, NM 0.15 0.12 0.09 0.09 0.07 0.10 0.03
Complexus T, NM 0.09 0.12 0.10 0.00 0.10 0.08 0.05
Sterno-occipitalis 0.16 0.14 0.11 0.16 0.10 0.10 0.13 0.03
Sternomastoideus 0.15 0.12 0.11 0.15 0.12 0.08 0.12 0.02
Sternohyoideus 0.06 0.12 0.06 0.07 0.08 0.17 0.10 0.04
Sternothyroideus 0.12 0.09 0.08 0.05 0.07 0.05 0.07 0.03
Scalenus supercostalis dorsalis 0.13 0.09 0.10 0.08 0.07 0.05 0.09 0.03
Scalenus supercostalis intermedius 0.07 0.12 0.06 0.10 0.11 0.06 0.09 0.03
Scalenus supercostalis ventralis 0.21 0.20 0.14 0.13 0.20 NM 0.17 0.04
Scalenus primae costae dorsalis 0.38 0.24 0.20 0.24 0.24 NM 0.26 0.07
Scalenus primae costae intermedius 0.23 0.17 0.13 0.13 0.15 NM 0.16 0.04
Scalenus primae costae ventralis 0.19 0.06 0.06 0.05 0.08 NM 0.09 0.06
Longus capitis C, 0.44 0.09 NM 0.29 0.30 NM 0.28 0.14
Longus capitis C, 5 0.31 0.52 0.20 0.16 0.17 NM 0.27 0.15
Longus capitis C, 5 ¢ 0.47 0.26 0.31 0.22 0.35 NM 0.32 0.10
Longus colli C,-C, 0.42 0.43 0.37 0.28 0.41 NM 0.38 0.06
Longus colli C,-C; 0.44 0.40 0.49 0.53 0.54 NM 0.48 0.06
Longus colli C;—C¢ NM 0.35 0.87 0.59 0.69 NM 0.63 0.21
Longus colli C,-C, NM 0.35 0.33 0.30 0.25 NM 0.31 0.04
Longus colli G,-T, NM 0.48 0.24 0.23 0.23 NM 0.30 0.12
Rectus capitis dorsalis Major 0.16 0.16 0.15 0.19 0.09 NM 0.15 0.04
Rectus capitis dorsalis Intermedius 0.47 0.47 0.25 0.27 0.57 NM 0.41 0.14
Rectus capitis dorsalis Minor 0.22 0.22 0.29 0.22 0.23 NM 0.23 0.03
Oblique capitis caudalis 1.41 0.74 0.97 0.80 0.95 NM 0.98 0.26
Oblique capitis carnialis principle 0.08 0.09 0.09 NM 0.06 NM 0.08 0.01
Oblique capitis carnialis accessory 0.04 NM 0.08 NM 0.04 NM 0.05 0.02

NM, not measured.
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Table 5 Continued

(c) Fascicle length (cm) as a fraction of body mass (kg)'*

Subject

Muscle A B C D E F Mean SD

Trapezius — cervical portion 1.95 2.15 2.21 1.99 2.77 2.43 2.25 0.31
Brachiocephalicus 6.33 5.90 7.34 7.77 9.65 8.56 7.59 1.40
Omotransversarius 3.86 4.54 4.53 4.35 6.77 5.91 4.99 1.10
Rhomboideus capitis 4.24 4.66 4.40 4.77 6.43 6.57 5.18 1.04
Rhomboideus cervicis 1.49 1.46 1.76 2.40 3.01 2.10 2.04 0.60
Serratus ventralis cervicis C, NM 2.32 NM 3.21 5.07 5.15 3.94 1.40
Serratus ventralis cervicis C; 2.94 2.72 2.30 3.05 4.29 4.54 3.31 0.90
Serratus ventralis cervicis C, 2.75 2.11 2.42 2.76 3.54 3.98 2.93 0.70
Serratus ventralis cervicis Cg 2.34 2.00 2.21 2.91 2.98 3.70 2.69 0.63
Serratus ventralis cervicis Cg 2.10 2.00 1.62 2.07 1.90 2.81 2.08 0.40
Serratus ventralis cervicis C, 1.75 1.28 1.24 1.59 1.43 1.82 1.52 0.24
Splenius 3.12 3.30 3.04 3.69 3.88 4.35 3.56 0.50
Longissimus capitis 1.99 1.13 1.22 117 1.24 2.98 1.62 0.74
Longissimus cervicis C; NM 2.93 2.72 3.66 4.12 2.15 3.12 0.78
Longissimus cervicis C, NM 1.30 2.84 2.86 3.47 4.18 2.93 1.06
Longissimus cervicis Cs NM 2.28 2.19 2.81 1.81 3.28 2.47 0.57
Longissimus cerviciis Cq NM 1.78 1.84 3.27 1.75 1.86 2.10 0.66
Spinalis et semispinalis NM 3.80 5.47 4.40 6.38 4.99 5.01 0.99
Biventer cervicis 3.92 3.12 3.38 4.65 5.50 6.09 4.44 1.19
Complexus C;—C, NM 2.51 2.12 2.34 3.97 3.89 2.97 0.89
Complexus Cs NM 3.36 NM 2.98 4.33 4.36 3.76 0.69
Complexus Cg NM 3.26 NM 3.00 4.99 4.61 3.96 0.98
Complexus G, NM 3.12 3.06 3.11 5.25 5.15 3.94 1.15
Complexus T, NM 2.96 3.86 3.61 NM 5.88 4.08 1.26
Sterno-occipitalis 3.01 2.89 2.99 3.00 4.62 491 3.57 0.93
Sternomastoideus 3.78 2.83 3.73 3.60 5.93 5.94 4.30 1.31
Sternohyoideus 1.71 1.87 1.93 2.30 3.05 2.33 2.20 0.48
Sternothyroideus 0.50 0.39 0.89 0.72 0.42 0.43 0.56 0.20
Scalenus supercostalis dorsalis 1.68 0.75 1.45 0.94 0.78 0.96 1.09 0.38
Scalenus supercostalis intermedius 1.54 1.58 1.66 1.81 1.93 1.47 1.66 0.17
Scalenus supercostalis ventralis 5.37 4.73 4.85 5.56 6.08 NM 5.32 0.55
Scalenus primae costae dorsalis 4.31 5.18 412 5.58 6.07 NM 5.05 0.83
Scalenus primae costae intermedius 3.76 478 5.81 5.75 6.12 NM 5.24 0.97
Scalenus primae costae ventralis 3.80 5.36 5.04 6.28 5.77 NM 5.25 0.94
Longus capitis C, 1.15 2.58 NM 1.76 1.59 NM 1.77 0.60
Longus capitis C, 5 1.80 1.42 2.53 2.01 2.15 NM 1.98 0.41
Longus capitis C; 5 ¢ 2.15 3.84 2.48 3.39 3.16 NM 3.01 0.68
Longus colli C,-C, 0.74 0.69 0.82 0.64 0.80 NM 0.74 0.08
Longus colli C,-Cg 0.68 0.75 0.69 0.60 0.82 NM 0.71 0.08
Longus colli C;—C¢ NM 0.92 0.73 0.85 0.87 NM 0.84 0.08
Longus colli C~C, NM 0.52 0.51 0.78 0.65 NM 0.62 0.13
Longus colli C,vT, NM 0.52 0.58 0.68 0.60 NM 0.60 0.07
Rectus capitis dorsalis Major 0.44 0.80 0.54 0.43 0.48 NM 0.54 0.15
Rectus capitis dorsalis Intermedius 0.80 0.69 0.88 0.99 0.65 NM 0.80 0.14
Rectus capitis dorsalis Minor 0.85 0.73 0.79 0.88 0.80 NM 0.81 0.06
Oblique capitis caudalis 1.33 1.91 1.49 1.57 1.82 NM 1.62 0.24
Oblique capitis carnialis principle 0.65 0.73 0.65 NM 0.69 NM 0.68 0.04
Oblique capitis carnialis accessory 0.82 NM 0.69 NM 0.64 NM 0.72 0.09

NM, not measured.
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Fig. 3 Scatter graph of fascicle length and PCSA of the neck musculature of the dog. Groups of muscles characterized by long
fascicle-small PCSA and short fascicle-large PCSA are surrounded by circles. Muscle abbreviations: TR, trapezius — cervical portion;
OM, omotransversarius; RC, rhomboideus cervicis; RCP, rhomboideus capitis; SV, serratus ventralis cervicis; BR, brachiocephalicus;
LC, longissimus capitis; BC, biventer cervicis; COMP, complexus; LCV, longissimus cervicis; SSC, spinalis et semispinalis cervicis; SST,
spinalis et semispinalis thoracis; SO, sterno-occipitalis; SM, sternomastoideus; SH, sternohyoideus; ST, sternothyroideus; SSD,
scalenus supracostalis dorsal division; SSI, scalenus supracostalis intermediate division; SSV, scalenus supracostalis ventral division;
SPD, scalenus primae costae dorsal division; SPI, scalenus primae costae intermediate division; SPV, scalenus primae costae ventral
division; LCP, longus capitis; RCD.mj, rectus capitis dorsalis major; RCD.i, rectus capitis dorsalis intermedius; RCD.mi, rectus capitis
dorsalis minor; OCC, oblique capitis caudalis; OCCr.P, oblique capitis cranialis principle part; OCCr.A, oblique capitis cranialis

accessory part.

In order to evaluate interobserver effects on the results
obtained for total muscle length and fascicle length,
parameters were measured by two independent
observers (J.M. and A.S.). Differences were found to be
less than 2%.

For the sake of brevity, throughout the remainder of
the text cervical and thoracic vertebrae will be denoted
by the letter ‘'C’ and ‘T’, respectively, followed by a sub-
script to donote the position of the vertebra (i.e. C for
the 6th cervical vertebrae).

Muscles originating on the vertebral column and
inserting on the shoulder girdle

Trapezius (TR). The cervical and thoracic portions of
the TR were separated along the tendinous band that
ran between the two parts of the muscle. This separa-
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tion ran dorsally from the spine of the scapula to the
median raphe of the neck. In dogs A and C the tendi-
nous band was not clearly defined, and the muscle was
separated along a line extending dorsally from the
spine of the scapula to the median raphe of the neck
adjacent to the spinous process of T,. The muscle fas-
cicles of the TR originated on the midline between G,
and T,, and coursed at angles ranging from 0° to 12°
with respect to the line connecting their origin and
insertion sites. At the cranial and caudal extremes of
their vertebral origin, the fascicles were attached
directly to the median raphe of the neck. At the centre
of its vertebral origin (C,~C,), the muscle was attached
to the midline by an aponeurotic sheet. Fascicles were
longest at the cranial end of the muscle, and became
progressively shorter and less steeply angled toward
the tendinous band (Fig. 4a).
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Fig. 4 Schematic drawing illustrating the anatomical relationships of muscles originating from the cervical vertebrae and
inserting on the shoulder girdle. (a) The trapezius (TR) is attached to the midline by an aponeurotic sheet at the centre of its
vertebral origin (C,—~C,) (Large arrow). Fascicles are longest at the cranial end of the muscle (small arrow), and become
progressively shorter and less angled toward the tendinous band. (b) The cervical portion of the rhomboideus cervicis (RC) is
separated from the thoracic portion along a line extending dorsally from the scapular spine. Its fascicles are longest at the cranial
end, and become shorter and progressively less angled caudally. (c) The cervical portion of the serratus ventralis (SV) in four dogs
had an additional division, which originated cranially on the facies serrata and inserted on the transverse process of G, (arrow).

Omotransversarius (OM). This muscle originated on
the caudal aspect of the wing of the atlas and inserted
on the distal portion of scapular spine. In one dog (D),
the site of origin included also the fascia covering the
intertransversarius.

Rhomboideus cervicis (RC). This muscle was sepa-
rated from its thoracic counterpart (rhomboideus
thoracis) by a line which extended dorsally from the
scapular spine. Similar to the TR, the fascicles of the RC
were long and steeply angled at the cranial end, and
became shorter and progressively less angled toward
the caudal end (Fig. 4b).

Serratus ventralis cervicis (SV). This muscle com-
prised five clearly defined divisions, each inserting on a
different vertebra (C;~C,). In dogs B and D-F the muscle
had an additional division, which originated cranially
on the facies serrata and inserted on the transverse
process of C, (Fig. 4c, SV with six divisions). The two
caudal divisions were more highly pinnate so that
their fascicle lengths were shorter, and their PCSA was
therefore larger as compared with the other divisions
(Table 3).

Muscles originating on the shoulder girdle and
inserting on the skull

Brachiocephalicus (BR). This muscle was divided into
two subunits; cleidomastoideus (CM), which inserted
on the mastoid process of the temporal bone, and
cleidocervicalis (CC), which inserts on the fibrous raphe
of the cranial half of the neck (Fig. 5).

Fig. 5 Schematic drawing illustrating the anatomical
relationships and organization of the two heads of
brachiocephalicus: the cleidomastoideus (CM), which inserts
on the deep-mastoid part of temporal bone (small arrow), and
the cleidocervicalis (CC), which inserts on the fibrous raphe of
the cranial half of the neck (large arrow).

The CM portion was heavier than the CC portion, and
its fascicles were shorter. As a result, it had a larger
PCSA when compared with the CC (PCSA values of
2.25 and 2.03 cm?, respectively).

© 2006 The Authors
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Fig. 6 Schematicdrawingillustrating the
structural features of muscles that
originate on the vertebral column and
insert on the skull. (a) The line drawing
of splenius (SP) shows its triangular
appearance. Two tendinous inscriptions,
which run perpendicular to the fascicle’s
direction, extend to about half the
muscle’s thickness (arrows). (b) The line
drawing of longissimus capitis (LC) shows
the tendinous inscriptions (arrows)
which divide LC into three parts.

In all dogs, a few muscle fascicles were observed
connecting the CC and CM portions of BR. In dog C,
the CM was found to have two muscle bellies, which
inserted separately on the mastoid part of the
temporal bone.

Rhomboideus capitis (RCP). This muscle originated
on the dorso-cranial border of scapula, and inserted
on the nuchal crest. Its PCSA was found to be relatively
small (a PCSA value of less than 0.65 cm? in all dogs).

Muscles originating on the vertebral column and
inserting on the skull

Splenius (SP). Thislarge, flat and triangular muscle was
positioned between the third thoracic vertebra and
the skull. Its fascicles ran in a cranio-ventral direction
(Fig. 6a). The SP was incompletely divided into three by
two tendinous inscriptions, which ran perpendicular
to the direction of the muscle fascicles. The architecture
of the fascicles was found to be different in superficial
and deep aspects of the muscle, due to the incom-
plete nature of these inscriptions. Fascicles ran uninter-
rupted from origin to insertion in the deep aspect,
whereas in the superficial aspect, fascicles were divided
by tendinous inscriptions and as a result were much
shorter.

Longissimus capitis (LC). This muscle was completely
divided into two (dogs A and F) or three (dogs B-E) sub-
divisions by tendinous inscriptions running perpen-
dicular to the direction of its muscle fascicles (Fig. 6b). The
insertion of this muscle by means of a single tendon on
the mastoid part of the temporal bone was noted in all
dogs except dog E, where two tendons of insertion (to
the same point) were found.

Biventer cervicis (BC). Oblique tendinous inscriptions
divided this muscle into five (dogs A-C, E and F) or six
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divisions (dog Q). Cranially the tendinous inscriptions
completely bisected the cranio-caudally orientated
muscle fascicles. Caudally, the muscle was incompletely
divided, and thus exhibited a wide variety of muscle
fascicle lengths (Fig. 7a). Longer fascicles were found
passing through tendinous inscriptions in areas where
the tendinous inscriptions were incomplete (Fig. 7b).

Complexus (COMP). This muscle originated on the
caudal articular processes of vertebrae C; to T, and
inserted on the dorsal nuchal line. Divisions within this
muscle varied between dogs. The two parts which
originated on the articular processes of C; and C, could
not be easily separated in all dogs (Fig. 7¢), and were
therefore considered as one segment (C;,). In dog E
the COMP was not attached to the articular process
of T,. In dog C it was not possible to separate the
four cranial parts (C;-C,—Cs—C;) and they were therefore
considered to be one segment (C;_, 5 ¢).

Muscles with their origin and insertion on the
vertebral column

Longissimus cervicis (LCV). This muscle consisted of
four distinct divisions, all of which originated on the
articular processes of T, to T, and on the spinous pro-
cess of T,. Each division inserted consecutively on the
transverse processes of C; to Cg (Fig. 8a).

Spinalis et semispinalis thoracis (SST). This muscle ex-
tended from the last two cervical vertebrae to the
caudal part of the thoracic spine. Only the two divisions
that inserted on C; and C, were considered in this study
(Fig. 8b).

Spinalis et semispinalis cervicis (SSC). This muscle arose
from the spinous process of T, and inserts via four tendin-
ous inscriptions on the spinous processes of Cs to G,
(Fig. 8b).
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Fig. 7 Schematic drawing illustrating the structural features of muscles that originate on the vertebral column and insert on the
skull. (@) The line drawing of biventer cervicis (BC) shows its compartmentalized structure due to its tendinous inscriptions, which
cross the muscle fascicles obliquely, and divide this muscle into five divisions. (b) An exploded view of BC when compartments
are separated from one another along the tendinous inscriptions. Unlike the simple structure of the cranial compartments, the
caudal compartments have a more complex organization, with a wide variety of fascicle lengths coexisting within them. (c) The
organization of muscle heads of complexus (COMP) demonstrates that the two heads, which originate from the articular

processes of C; and C,, could not be easily separated in all dogs.

Multifidus cervicis (MC). The MCran obliquely between
the articular processes of the lower cervical verte-
brae and the spinous processes of the more cranial
vertebrae. The MC consisted of six incompletely separable
divisions, which were further divided into superficial
and deep divisions.

Intertransversarii cervicis (IC). The IC ran from the
first thoracic to the second cervical vertebrae. It con-
sisted of three groups of fascicle lengths reflecting dif-
ferent muscles strands connecting diverse points on the
cervical vertebrae (e.g. transverse processes to articular
processes, or caudal articular processes to cranial pro-
cesses of the preceding vertebrae).

The method of PCSA calculation was considered
unreliable for MCand IC due to their complex archi-
tecture, and is thus not included in the reported
results.

Fig. 8 This schematic drawing illustrates
the structural features of muscles with
their origin and insertion on the vertebral
column. (a) All divisions of the longissimus
cervicis (LCV) originate from the articular
processes of T, to T6 and from the spinous
process of T,. Each division inserts on a
different transverse process, from C; to
Ce. (b) Only the two serrations of spinales
et semispinales thoracis (ST) and cervicis
(SC) that insert on the sixth and seventh
cervical vertebra were considered in this
study (arrows). SCinserts via four tendinous
inscriptions on the spinous processes of
the second to the fifth cervical vertebra.

Muscles originating on the rib cage and inserting on
the vertebral column

Sternocephalicus. This muscle consisted of two divi-
sions which shared a common origin on the manubrium
sterni: sterno-occipitalis (SO) and sternomastoideus (SM).
The SM was thicker than the SO, and although both
muscles were found to have similar mean fascicle lengths,
SM was found to have a larger PCSA (values of 2.11 and
1.43 cm?, respectively).

Sternohyoideus (SH). This muscle originated on the
manubrium sterni and inserted on the basihyoid
bone.

Sternothyroideus (ST). This muscle originated on the
first costal cartilage and inserted on the thyroid carti-
lage. ST had a smaller PCSA than SH (values of 0.74 and
1.32 cm?, respectively).
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Fig. 9 Schematic drawing illustrating the structural features of muscles that originate on the ribs and insert on the vertebral
column. (a) Three distinct divisions of the scalenus supracostalis (SS) insert on the caudal aspect of the transverse processes of C,
and C; by means of two tendons. (b) The insertion site of the intermediate division of the scalenus primae costae (SPI) was found

to be C; in some dogs, whereas in other dogs it was C, (c).

Scalenus supracostalis (SS). This muscle consisted of
three distinct divisions which inserted on the caudal
aspect of the transverse processes of C, and C; by means
of two tendons (Fig. 9a).

Dorsal division (SSD). In dogs A and C the SSD origi-
nated on the upper third of the fourth rib, in dogs B, D
and F it originated on the third and fourth ribs, and in
dog E on the third rib only.

Intermediate division (5SI). This division originated
on the middle part of the sixth, seventh and eighth ribs,
by means of an aponeurotic sheet and directly by a
muscular origin on the fifth rib. In dog A, a muscular
attachment to the fourth rib was also present.

Ventral division (SSV). This division originated directly
on the lower third of the first rib. This division was con-
sidered as part of the SS muscle due to its common ten-
dons of insertion. SSV was smaller and thinner than the
other two divisions of the muscle and consequently has
a lower PCSA value.

Scalenus primae costae (SP). In all dogs this muscle
could be partitioned into three divisions. All of these
originated on the first rib and inserted on C; or G,
(Fig. 9b).

Dorsal division (SPD). In all dogs this division was
found to insert on the transverse process of C,, forming
a triangle between C, and the tubercle of the first
rib.

Intermediate division (SPI). In dogs A, C and F this
division was found to insert on the caudal part of the
transverse process of C;, whereas in dogs B, D and E it
inserted on the transverse process of C,.

Ventral division (SPV). This inserted on the cranial
part of the transverse process of C.

© 2006 The Authors

Ventral muscles

Longus capitis (LCP). This complex muscle was divided
into three parts. The muscle originated on the transverse
processes of C; to C,, and inserted on the muscular
tubercle of the basiocipital bone, between the tympanic
bullae. The rostral division originated on the cranial
aspect of the transverse process of C,; the second division
originated on the caudal aspect of the transverse process
of C, and the cranial aspect of the transverse process
of C;; the third division originated on the transverse
processes of C,, Cs and Cq. In one dog (C), the rostral and
second divisions could not be clearly separated.

Longus colli (LCO). Only those bundles of the LCO
with their origin or insertion sites on the cervical spine
were included in the dissection. They consisted of
a cervical part and a cranial thoracic part.

Cervical part - this part consisted of three divisions,
which coursed cranio-medially. Each arose on the ventral
border of its respective cervical transverse process, namely
the sixth, fifth and fourth cervical vertebra. Each division
passed over two vertebrae and ended on the ventral
spine of the third to the first cervical vertebrae.

Thoracic part - this part consisted of two divisions,
both orientated cranio-laterally. The first division
originated on the ventral body of T, and inserted on
the transverse process of C,, and the second division
originated on the ventral body of C, and inserted on
the transverse process of Cs.

Rectus capitis lateralis (RCL) and rectus capitis
ventralis (RCV). These small muscles were difficult to
dissect. RCL could not be found in one dog (D), and RCV
could not be found in two dogs (B and D). Both RCL and
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Fig. 10 Schematic drawing of muscles that connect the cranial
cervical vertebrae and the skull. Rectus capitis dorsalis (large
arrow), oblique capitis caudalis (small arrow) and oblique
capitis cranialis (open arrow).

RCV had a particularly non-uniform organization,
and thus only an estimate of their morphometric
parameters is provided (see Table 2).

Sub-occipital muscles

The first two cervical vertebrae were invested with
three groups of short muscles that cover all surfaces of
the axis and atlas (Fig. 10).

Rectus capitis dorsalis (RCD). This muscle was com-
posed of three parts that traverse the dorsal aspect of
the upper cervical spine and attach along the entire
length of the nuchal line. The three parts were
arranged from deep to superficial; the most superficial
part, RCD major, originated on the caudal end of the
axis; the intermediate part, RCD intermedius, origi-
nated on the cranial end of the axis; and the deep part,
RCD minor, originated on the atlas. Although the three
parts varied in their lengths due to their different
points of origin, the effect on PCSA values was minimal
(see Table 3).

Oblique capitis caudalis (OCC). This muscle originated
on the entire spinous process of the axis, and inserted on
the wing of the atlas. The OCC was distinguished by its
relatively large weight combined with relatively short
fascicles; therefore, its PCSA was large (a value of 7.94 cm?).

Oblique capitis cranialis (OCCr). This muscle consisted
of two distinct parts, the principal part (OCCrP) and the
accessory part (OCCrA). The OCCrP originated on the
lateral border of the wing of the atlas and inserted
on the mastoid part of the temporal bone. The OCCrA
originated on the tip of the wing of the atlas and
inserted on the dorsal nuchal line. As the names imply,
the OCCrP had a larger PCSA than the OCCrA (values of
3.37 and 1.88 cm?, respectively).

Discussion

Thorough knowledge of the internal organization of
the cervical musculature, its architecture and the vari-
ous functions of the different muscles are essential for
interpretation of the design and function of the neck
in any mammal (Gellman et al. 2002). This study
provides a systematic description of the anatomy and
morphometry of the musculature of the canine neck.
These data will serve as a foundation for future
analyses of canine cervical spine mechanics, and are
crucial for interpretation of the results of studies
utilizing the canine cervical spine as a model for the
human neck.

Although several elegant studies (e.g. Tsuang et al.
1993; Stokes & Gardner-Morse, 1999) investigated the
morphometry of limb musculature in various species by
advanced imaging modalities, the complex anatomy of
the musculature of the neck renders these techniques
ineffective for this body segment. This is due to the fact
that non-invasive imaging techniques such as magnetic
resonance imaging (MRI) and computed tomography
(CT) are limited in their resolution of muscle architec-
ture (Veeger etal. 1991; Kamibayashi & Richmond,
1998; Lieber & Friden, 2000; Delp et al. 2001). In addi-
tion, these methods are not suitable for muscles which
have more than one compartment or multiple lines of
action, as occurs in many neck muscles (Friederich &
Brand, 1990; Engstrom et al. 1991; Richmond, 1998).

Accuracy of the determination of muscle properties

PCSA was calculated based on the measured values of
muscle mass, fascicle length and pennation angle,
according to Eq. (1). This approach has previously been
employed in studies of neck muscles in humans
(Kamibayashi & Richmond, 1998), non-human primates
(Cheng & Scott, 2000; Richmond et al. 2001) and felids
(Selbie et al. 1993; Richmond et al. 1999). The muscles
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of the canine neck are complex due to their multiple
attachments to different vertebrae and other bones,
varied lengths of fascicles, and multiple tendinous
inscriptions. Such architectural complexity impacts on
the accuracy of PCSA determination. The validity of the
information represented by PCSA depends therefore
on the accuracy of the measurements and on the pre-
cise description of architectural geometry (Otten, 1988;
Richmond, 1998).

In this report, architecturally complex muscles were
divided according to anatomical observations. This
method has been shown to increase the validity of
the morphometric data obtained significantly (Van
der Helm & Veenbaas, 1991; Johnson et al. 1996; Klein
Breteler et al. 1999). The mass, fascicle length, PCSA
and Al of each division were calculated individually.
Divisions of muscles with broad attachment sites have
been previously described in studies of muscles of the
shoulder region (Dumas et al. 1991; Van der Helm &
Veenbaas, 1991; Johnson et al. 1996), human neck muscles
(Kamibayashi & Richmond, 1998) and the canine
forelimb (Shahar & Milgram, 2005). The division of a
complex muscle into its constituent parts had a signi-
ficant impact on calculated PCSA values. For example,
the PCSA of the undivided LCP has a value of 4.5 cm?
and the sum of the PCSAs of the divisions of the LCP has
a value of 7.21 cm? This difference clearly affects the
predicted forces generated by this muscle. It should be
noted that the mean PCSA of each muscle was chosen
to be the average of the PCSA values of the six dogs,
and therefore will not necessarily correspond to a value
obtained by using ‘mean’ mass and ‘mean’ fascicle
length in Eq. (1).

Previous reports (Vasavada et al. 1996; Kamibayashi &
Richmond, 1998) have shown that a measured fascicle
length is dependent on head-neck position during
rigor mortis, reflecting different degrees of actin-
myosin overlap. In this study, specimens were dissected
immediately following euthanasia, as opposed to
dissection of embalmed cadavers, and thus the entire
dissection process was completed within 5-7 h from
the time of death; as a result rigor mortis had only a
minor effect on fascicle length measurements. Another
advantage of fresh cadaver dissection was the fact
that all muscles comprising the canine neck could be
studied, including those which adhere closely to the
vertebrae and were consequently ignored in previous
studies (Kamibayashi & Richmond, 1998; Richmond et al.
1999, 2001). Moreover, gathering muscle parameters
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before the occurrence of tissue desiccation allowed a
more accurate measurement of muscle mass, and thus
a more reliable estimate of the PCSA.

The division of complex muscles into parts was based
on anatomical criteria alone. Divisions based on func-
tional criteria would be more valid physiologically.
Such an approach requires knowledge of the innerva-
tion patterns and recruitment strategies of the differ-
ent muscle divisions during motor activity, which are
currently unavailable.

Multifidus cervicis and intertransversarii cervicis were
difficult to characterize. This was due to the fact that
these muscles were architecturally complex and closely
adhered to the vertebrae. Other researchers have faced
similar problems, and have stated that these muscles
are so complex that they defy analysis by dissection
(Kamibayashi & Richmond, 1998; Richmond et al. 1999,
2001). Because of the strategic position and the rela-
tively large mass of the multifidus cervicis and inter-
transversarii cervicis, we believe that these muscles
make a fundamental contribution to canine neck
dynamics, and thus we present their basic data, which
consists of mass and total length (see Table 2).

Inter- and intra-individual variation of
muscle properties

Some muscles of the canine cervical spine were found
to have a rather large range of inter-individual vari-
ability in their anatomical divisions, attachment sites
and the number of tendinous inscriptions crossing
them. For example, the complexus was found to have
five divisions in some dogs, but only four or even three
divisions in others (Fig. 7¢). Similarly, the insertion site
of the intermediate division of the scalenus prima
costae (SPI) was found to be Cq in some of the dogs,
whereas in the others it was C; (Fig. 9b,c). However, this
variability did not seem to have major functional signi-
ficance, and for most muscles inter-individual variability
was found to be low.

Bilateral dissection was undertaken in one dog, and
revealed only subtle differences between the right and
left side of the same dog in features such as the attach-
ment site of the dorsal division of the scalenus super-
ficialis (SSD); the right SSD originated from the upper
third of the third and fourth ribs, whereas the left
SSD originated only from the fourth rib. The similarity
of results for all muscle pairs in the bilateral dissection,
after normalization of fascicle lengths to a standard
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sarcomere length (see Table 4), confirmed dissection
precision, demonstrated the consistency of the method
of dividing muscles and supported the assumption that
the musculature of the canine neck is approximately
symmetrically constructed.

Muscle mass, PCSA and fascicle lengths were scaled
by body mass (assuming geometric similarity) in order
to allow comparison between dogs of different sizes.
The scaled values of PCSA, fascicle length and muscle
mass were found to be quite similar (Table 5a—c) for all
dogs of this study. In some muscles PCSA magnitude did
not correlate with body mass. For example, romboi-
deus cervicis had a PCSA value of 4.56 cm? in dog D
(body mass 20 kg), whereas the same muscle had a
PCSA value of 2.65 cm? in dog C, which was much heav-
ier (body mass 27 kg). Similar variability has been
observed in humans (Kamibayashi & Richmond, 1998),
horses (Payne etal. 2005a,b) and felids (Richmond
et al. 1999). Hence, in addition to reporting the mean
values of the measured parameters, information
about the range of variation found is also provided in
Tables 2-4. On visual inspection, dog A seemed particu-
larly well muscled and the scaled PCSA values of 21 of
the 48 muscles studied were substantially larger than
those of the other dogs.

Differences between findings presented here and
textbooks descriptions

Most of the anatomical descriptions presented here
concur with data previously reported in veterinary
anatomical textbooks (e.g. Nickel et al. 1986; Evans
& Christensen, 1993). In several instances, however, our
findings varied substantially from those described in
the textbooks. Some noteworthy examples include the
existence of an additional C, division of the serratus
ventralis in some dogs, which has not previously been
reported; the cervical part of the longus colli, which
contains only three divisions (instead of the previously
described four), each passing over two vertebrae (instead
of one); and the origin of the longissimus capitis on the
articular processes (and not the transverse processes)
of T,-T, vertebrae. These variations did not, however,
seem to have substantial functional significance.

Comparative morphometry

When comparing the morphometry of the canine and
human cervical musculature, it is important to keep in

mind two significant differences of skeletal configura-
tion between these species. In the dog, as in other
quadruped mammals, the centre of mass of the head
and neck is located in front of the vertebral column and
active muscle contraction is required to support its
weight. By contrast, the human head is carried more
directly over the trunk, so that much of its weight is
borne passively (Tobias 1992; Graf et al. 1995;
Richmond et al. 2001). Therefore, caution should be
exercised when trying to extrapolate the function of
muscles from the similarities in location between them
in these two species. Thus, muscles involved with main-
tenance of head position in canines, such as the rectus
capitus dorsalis and splenius, have higher PCSAs when
compared with the equivalent muscles in humans. This
is clearly shown in Fig. 2, where all muscles except the
trapezius can be seen to have PCSA values (after scal-
ing) that are substantially higher in dogs than those of
the equivalent muscles in humans. The trapezius is of
special interest because although it plays a role in fore-
limb weight bearing, its PCSA value in the dog is lower
than in humans. This may be due to the fact that in
humans the trapezius is involved in both the stabilization
of the shoulder and the control of grasping motions; dogs,
by contrast, are unable to perform grasping motions
with their forelimbs, and therefore this muscle serves
only to stabilize their forelimb and is less well developed.

In addition, the front limb of the dog participates in
locomotion and weight bearing, whereas the main
function of the equivalent human limb is object mani-
pulation. This difference is manifested by the specialized
morphology and orientation of the human limb. For
example, the scapula of the dog is orientated in the
sagital plane, whereas in humans the scapula lies in the
frontal plane; in the dog only a remnant of the clavicle
exists, as compared with the fully developed human
clavicle. As a result, differences exist in the architectural
organization of some muscles, and the location of their
attachments to the shoulder girdle is different.

Other canine characteristics, such as the absence of a
clavicle and the participation of the forelimb in weight
bearing, also impact on the neck musculature. For
example, the cervical part of the serratus ventralis is
one of the main stabilizers of the scapula and plays an
important role in weight bearing; therefore, its PCSA
value in the dog is much higher than in humans. The
same applies to the rhomboideus and the brachio-
cephalicus, two other extrinsic muscles of the canine
forelimb that contribute to weight bearing.
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There are several neck muscles in the dog whose origins
and insertions resemble those of humans, but their
nomenclature differs (Gray, 1980; Richmond & Vidal,
1990). The canine serratus ventralis is analogous to the
human levator scapulae ventralis and the canine rhom-
boideus cervicis is analogous to the human rhomboi-
deus minor. Other variations in nomenclature are
explained by the differences in orientation of various
body segments in these species; thus, dorsal muscles in
the dog are posterior muscles in humans and similarly
ventral muscles in the dog are inferior muscles in humans,
e.g. the rectus capitis dorsalis of the dog is equivalent to
the rectus capitis posterior in humans. Additionally, several
muscles of the canine neck, such as the omotransversarius
and rhomboideus capitis, have no analogous human
muscle. The converse is also true, with muscles such as
the atlantoscapularis and splenius cervicis absent in
the dog. Nevertheless, most neck muscles in dogs and
humans are similar in both their internal design and
their general architecture.

The data obtained in this study allowed us to examine
the significance of the relationship between PCSA-
fascicle length and muscle function in the dog. In particu-
lar we examined muscle groups that are characterized
by long fascicles—small PCSA, and vice versa. For example,
muscles which run between the cranial neck and the
rib cage (e.g. sterno-occipitalis, sternomastoideus) or
the shoulder girdle (e.g. omotransversarius and rhom-
boideus capitis) are characterized by their relatively
long fascicles and low PCSA values and appear to be
designed for large excursions (Fig. 3); specifically, note
the extremely long fascicles and low PCSA of the
brachiocephalicus. By contrast, muscles that support
the neck and shoulder against gravitational forces
(e.g. serratus ventralis, trapezius, and rhomboideus
cervicis) have relatively high PCSA values combined
with short fascicle length, and thus appear to be suited
for generating large forces (Fig. 3).

The findings reported in this study can be used to
examine the suitability of using the dog as a model for
the human cervical spine. In general, most canine cervical
muscles were found to have homologous human
muscles; furthermore, their scaled morphometric pro-
perties were seen to be similar. Although in a few
instances differences were found in either the anatomy
or the morphometry of certain muscles, and major differ-
ences in the range of motion of the various articulations

© 2006 The Authors

Functional anatomy of the canine neck musculature, A. Sharir et al. 349

of the head and neck were previously reported
(Graf et al. 1995), similarities were the rule rather than
the exception. The total range of motion at the cervi-
cothoracic junction has been shown to be similar in all
vertebrates (Graf et al. 1995). Comparison of our results
with those of Kamibayashi & Richmond (1998) demon-
strates that in both dog and humans homologous neck
muscles have high PCSA values and are adapted to force
generation (with the exception of serratus ventralis
and trapezius). Similarly, both in dog and in humans
homologous muscles have long fascicles and are adapted
to large excursions. Furthermore, the internal architecture
of the cervical vertebrae in quadrupeds was shown to
be similar to that in humans (Smit, 2002). In particular, the
vertebral trabeculae were found to course horizontally
between the anterior and posterior endplates, implying
that the main load on the vertebral body was axially
compressive, similarly to the situation in humans,
despite the radically different position of the spine in
the two species (Smit, 2002). Because the gravitational
loads in the dog (weight of the head and neck) are not
compressive, this finding can only be due to loads from
muscle and ligament forces. We thus conclude that the
canine cervical region may be used as a modelling tool
for biomechanical investigations of the human neck as
long as the differences listed are borne in mind.
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