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Blouin J-S, Siegmund GP, Carpenter MG, Inglis JT. Neural
control of superficial and deep neck muscles in humans. J Neuro-
physiol 98: 920 –928, 2007. First published May 30, 2007;
doi:10.1152/jn.00183.2007. Human neck muscles have a complex
multi-layered architecture. The role and neural control of these neck
muscles were examined in nine seated subjects performing three
series of isometric neck muscle contractions: 50-N contractions in
eight fixed horizontal directions, 25-N contractions, and 50-N con-
tractions, both with a continuously changing horizontal force direc-
tion. Activity in the left sternocleidomastoid, trapezius, levator scap-
ulae, splenius capitis, semispinalis capitis, semispinalis cervicis, and
multifidus muscles was measured with wire electrodes inserted at the
C4/C5 level under ultrasound guidance. We hypothesized that deep
and superficial neck muscles would function as postural and focal
muscles, respectively, and would thus be controlled by different
neural signals. To test these hypotheses, electromyographic (EMG)
tuning curves and correlations in the temporal and frequency domains
were computed. Three main results emerged from these analyses:
EMG tuning curves from all muscles exhibited well-defined preferred
directions of activation for the 50-N isometric forces, larger contrac-
tions (25 vs. 50 N) yielded more focused EMG tuning curves, and
agonist neck muscles from all layers received a common neural drive
in the range of 10–15 Hz. The current results demonstrate that all neck
muscles can exhibit phasic activity during isometric neck muscle
contractions. Similar oscillations in the EMG of neck muscles from
different layers further suggest that neck motoneurons were activated
by common neurons. The reticular formation appears a likely gener-
ator of the common drive to the neck motoneurons due to its
widespread projections to different groups of neck motoneurons.

I N T R O D U C T I O N

The musculoskeletal anatomy of the human neck is com-
plex: �20 pairs of superficial and deep muscles act on the
cervical vertebrae and head to generate multidirectional forces
and movements. Some neck muscles have similar lines of
action (Vasavada et al. 2002) and therefore different muscles
can conceivably be recruited to perform the same task. Despite
this complexity and apparent redundancy, healthy individuals
exhibit common patterns of activation for most neck muscles
under isometric conditions (Gabriel et al. 2004; Keshner et al.
1989; Vasavada et al. 2002). A notable exception to this
commonality is the splenius capitis muscle, which has demon-
strated a consistent posterolateral directional preference in
some studies (Gabriel et al. 2004; Vasavada et al. 2002) and a
subject-specific anterolateral and/or posterolateral directional
preference in others (Keshner et al. 1989; Mayoux-Benhamou
et al. 1997). Although the role some neck muscles play in
isometric force production has been documented, the physio-

logical synergies and neural control of the multi-layered neck
muscles has received little attention.

The descending control of human neck muscles has only
been studied in superficial muscles. During tonic contractions,
Tijssen and colleagues observed synchrony in splenius capitis,
sternocleidomastoid and levator scapulae at �10–15 Hz in
healthy individuals but reduced synchrony in patients with
idiopathic torticollis (Tijssen et al. 2000, 2002). Because dys-
tonic patients are believed to have deficits in sensorimotor
integration, these authors hypothesized that the 10- to 15-Hz
neck muscle oscillations could play a functional role in senso-
rimotor integration and be indicative of rhythmic olivary-
cerebellar activity (Tijssen et al. 2000). Recent work by Grosse
and Brown (2003) could present an alternate hypothesis for the
origin of these oscillations in the superficial neck muscles.
They identified in the deltoid muscles the presence of bilater-
ally synchronous 10- to 20-Hz muscular oscillations presum-
ably representing reticulospinal activity. The presence and
organization of these 10- to 15-Hz oscillations throughout the
multiple layers of neck muscles have yet to be elucidated.

Deep and superficial axial muscles are thought to have
different roles in stabilizing the spine and producing force or
movement in humans. Based on their small moment arms and
their attachments to adjacent vertebrae, the deep axial muscles
(e.g., multifidus and intertransversus) are believed to stabilize
the spine. With their large-moment arms and attachments to the
skull and trunk, the more superficial muscles (e.g., trapezius
and sternocleidomastoid) are believed to be predominantly
prime movers. Recent evidence in humans partly supports
these assumptions: activity in the deep cervical muscles was
observed to be independent of the direction of cervical rotation
(Bexander et al. 2005). These authors interpreted this result to
mean that the cervical multifidus muscles were important for
intervertebral control, a role similarly attributed to the multi-
fidus muscles of the lumbar (Moseley et al. 2002) and thoracic
(Lee et al. 2005) regions. These observations suggest that the
deeper neck muscle layers stabilize adjacent vertebrae and
could suggest that they receive descending neural control
signals independent from the superficial neck muscles. On the
other hand, the animal literature does not support such a
dichotomy in the control of superficial and deep neck muscles.
For example, single reticulo-spinal neurons are connected with
different groups of neck motoneurons (Shinoda et al. 1996). In
addition, all neck muscles recorded in cats and monkeys can
exhibit phasic activity during voluntary and reflex activation
(Corneil et al. 2001; Keshner et al. 1992). This difference
between the animal and human literature is hard to reconcile,
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although it could be due to the limited number of intervertebral
muscles recorded in animals. Because we recorded activity
from human superficial and deep neck muscles, we expected
the deep neck muscles would receive neural oscillations inde-
pendent from those controlling the superficial muscle layers.

In the present study, we examined the hypothesis that deep
and superficial neck muscles play different roles during iso-
metric tasks in humans. To test this broad hypothesis, we used
spatial, temporal and coherence patterns of EMG activity in
deep and superficial neck muscles during different isometric
tasks to examine three specific hypotheses: deep muscle activ-
ity would be uniform for all force directions (a postural role),
whereas superficial muscle activity would be direction specific
(a focal role); based on previous work, load would not influ-
ence the preferred direction or focus of muscle distributions
(Keshner et al. 1989; Vasavada et al. 2002); and the neural
signals controlling the deep neck muscles would not contain
the previously observed 10- to 15-Hz oscillations but instead
contain lower frequency oscillations because postural adjust-
ments require mainly low-frequency corrections and the deep
neck muscles contain a high proportion of slow-twitch (type I)
muscle fibers (Boyd-Clark et al. 2001), which have a longer
twitch rise-relaxation time than the fast-twitch muscle fibers
(Jami et al. 1982).

M E T H O D S

Subjects

Nine subjects (6M, 3F, 30 � 6 yr) with no history of cervical injury,
sensorimotor dysfunction or neck/back pain participated in the exper-
iment. Subjects gave their written informed consent and were paid a
nominal amount. The use of human subjects was approved by the
UBC Clinical Research Ethics Board and conformed to the Declara-
tion of Helsinki.

Imaging

All subjects underwent multiple magnetic resonance scans (Philips
Gyroscan Intera 3.0 Tesla MRI scanner) to screen for existing pathol-
ogy, to document neck muscle geometry, and to identify deep vascu-
lature to avoid during wire insertions (Fig. 1B).

Instrumentation

EMG activity was measured using indwelling electrodes. Pairs of
0.05-mm wire (Stablohm 800A, California Fine Wire, Grover Beach,

CA) were inserted into the left sternocleidomastoid (SCM), trapezius
(Trap), levator scapulae (LS), splenius capitis (SPL), semispinalis
capitis (SsCap), semispinalis cervicis (SsCerv), and multifidus (Mult)
muscles under ultrasound guidance (Sonos 5500, Agilent Technolo-
gies, Andover, MA). The electrodes, which had 1–2 mm of exposed
wire and a 4-mm inter-electrode spacing, were designed to record
multi-unit potentials from the neck muscles. All wire insertions were
placed at the C4/C5 level (Fig. 1) with an additional multifidus
insertion at the C6/C7 level. All wires were placed near the center of
the muscle’s horizontal cross section. In the SCM, the wire always
remained superficial to the readily identifiable cleidomastoid subvol-
ume (Kamibayashi and Richmond 1998). During wire extraction,
ultrasound was again used to confirm the wire had not moved. Wire
signals were amplified and band-pass filtered (30–1,000 Hz) using a
Neurolog system (Digitimer, Welwyn Garden City, Hertfordshire,
UK) before being digitized at 2 kHz. Isometric neck loads and
moments were measured using a six-axis load cell (Bertec 4060H,
�10 kN vertical, �5 kN horizontal, Worthington, OH; Fig. 1A).

Test procedures

Once instrumented, seated subjects performed three isometric tasks
using their neck muscles: 50-N ramp and hold (R&H) in eight fixed
directions (45° intervals), 25-N contractions with a continuously
sweeping force direction, and 50-N contractions with a continuously
sweeping force direction. The sweeping-force conditions consisted of
a constant force amplitude applied in a slowly changing clockwise or
counter-clockwise direction. Subjects had their head firmly clamped
to an overhead load cell and their torso firmly strapped to a rigid seat
back (Fig. 1A). This arrangement allowed subjects to apply an iso-
metric force in any direction within a horizontal plane nominally at
the height of their forehead and opisthocranion.

During the R&H task, subjects were asked to hold 50 N for 5 s in
each of eight directions. Each direction was repeated twice and
separated by rest periods of 30–60 s. Subjects received real-time
visual feedback of their applied force direction and magnitude (a
2-dimensional plot of AP and ML reaction force) on a computer
monitor. To assist the subjects, a “circular” area from 50 � 5 N
ranging �5° of the target direction was drawn on the feedback screen.
Ramp times were self-selected and typically took �2 s.

After a rest period, subjects practiced applying a 25- and 50-N
horizontal force against the load cell and slowly sweeping the direc-
tion of the applied force in the horizontal plane through 720° (2
complete rotations), beginning with extension. Depending on the
force requirements, a 25- or 50-N circle was superimposed on the
two-dimensional (2D) visual-feedback plot of AP and ML forces to
assist subjects in maintaining the desired force level throughout the

TABLE 1. Mean focus (r) of the EMG tuning curves for the sweeping isometric contractions

Condition

Muscles

Counter-clockwise Clockwise Repeated-Measures ANOVA

25 N 50 N 25 N 50 N Load Direction Interaction

1 SCM 0.22 � 0.10 0.36 � 0.15 0.20 � 0.12 0.30 � 0.15 F � 37.45 P � 0.000
1 LS 0.37 � 0.20 0.53 � 0.13 0.43 � 0.12 0.53 � 0.09 F � 21.77 P � 0.002
1 Trap 0.50 � 0.23 0.58 � 0.18 0.52 � 0.19 0.55 � 0.15
1 SPL 0.28 � 0.17 0.29 � 0.11 0.32 � 0.13 0.29 � 0.16
1 SsCap 0.44 � 0.20 0.55 � 0.16 0.43 � 0.21 0.54 � 0.18 F � 13.17 P � 0.007
1 SsCerv 0.57 � 0.16 0.65 � 0.12 0.55 � 0.19 0.66 � 0.12 F � 14.28 P � 0.005
1 Mult.C4 0.49 � 0.22 0.53 � 0.18 0.46 � 0.26* 0.58 � 0.18* F � 3.750 P � 0.089 F � 6.720 P � 0.032
1 Mult.C6 0.59 � 0.05 0.66 � 0.06 0.57 � 0.11 0.62 � 0.09 F � 7.269 P � 0.031

Values are means � SD. The asterisks represent the values that were significantly different one from another after decomposition of the interaction for the
MultC4 (P � 0.05). The italicized values represent main effects that were not significant but exhibited P values � 0.10. Counter-clockwise and clockwise
represent the directions of isometric force production. SCM, sternocleidomastoid; LS, levator scapulae; Trap, trapezius; SPL, splenius capitis; SsCap, semispinalis
capitus; SsCerv, semispinalis cervicis; Mult, multifidus.
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entire sweep. Once able to perform the task smoothly, subjects
performed two trials for each of four isometric sweep conditions—
clockwise (�z) and counter-clockwise (�z) directions at both the 25-
and 50-N levels—over a period of �20 s/trial. The middle 360° (�10
s of data) from each trial were analyzed.

Data reduction

All EMG data were high-pass filtered (50 Hz) to remove artifacts.
For each 50-N isometric contraction, a moving average was used to
find the 500-ms interval of force minimizing variability (always
�10%) of the required force (45–55 N). The RMS EMG for each
muscle was then computed for the same interval. For the isometric
sweep contractions, the average force and EMG were binned over 1°
intervals. The RMS EMG for each 1° interval was computed and
averaged over a moving 5° interval to generate continuous tuning
curves. The binned force was also averaged over a moving 5° interval.
To generate normalized tuning curves for each muscle, the RMS
values from each direction (8 for the 50-N R&H task; 360 for the
sweeping force tasks) were normalized by a muscle’s maximum RMS
value obtained during the 50-N R&H task.

Circular statistics were used to analyze the orientation (mean vector
direction) and focus (a measure of distribution about the mean) of the
EMG tuning curves for both the R&H and circular tasks (Batschelet
1981; Vasavada et al. 2002). EMG tuning curves for each muscle
were computed by averaging both trials from each condition. Orien-
tation (�) was defined as the direction of the vector sum of an EMG
tuning curve (8 vectors for R&H, 360 vectors for force sweeps). Focus
(r) was computed by dividing the vector sum of the tuning curve by
its arithmetic sum. Focus is thus bounded between 0 and 1, where 0
represent a uniform muscle distribution and 1 represents a muscle that
operates in only one direction. Angular deviation (S) in radians was
then computed using S � (1 � r)1/2. To determine whether the EMG
tuning curves were uniform, a Rayleigh test was performed (Batsche-
let 1981). Subsequently, a z-test for independent proportions was
performed to compare the proportion of uniform versus nonuniform
distributions observed in the superficial and deep neck muscle groups.
The SCM, Trap, LS, SPL, and SsCap were classified as superficial
neck muscles and the SsCerv, MultC4, and MultC6 as deep neck
muscles. We chose the latter muscles to represent the deep neck
muscles since they are intervertebral muscles. The orientation and
focus of the EMG tuning curves for the force sweep tasks were also
analyzed using a two-way repeated-measures ANOVA for load (25
and 50 N) and sweep direction (�z, –z). For all analyses, a signifi-
cance level of P � 0.05 was chosen.

To identify potential agonist and antagonist muscles, Pearson cor-
relation coefficients were computed between all pairs of indwelling
RMS EMG computed during the 50-N force sweep tasks (�z and –z
concatenated). To further examine the neural drive to the neck

muscles, the relative timing and coherence between pairs of neck
muscles during the force sweep task were computed as follows. For
each trial, raw EMG signals were full wave rectified and each signal’s
bias removed. Data for both force sweep directions (�z and –z) were
concatenated for subject-by-subject and pooled-subjects analyses. The
relative timing of the maximal correlation between muscle pairs
recorded with indwelling electrodes was computed using cross-corre-
lations of the subject-by-subject concatenated data. Common neural
drive to pairs of muscles was analyzed using coherence of the
pooled-subjects concatenated data. The auto-spectra, ƒAA(�) and
ƒBB(�), and cross-spectrum, ƒAB(�), were computed for each pair of
muscles (� denotes frequency). The spectra were estimated by aver-
aging nonoverlapping windows of 1,024 points, and thus the fre-
quency resolution of the spectra was 1.95 Hz. The components of the
spectra at 0 Hz were not considered because of the concatenation
methods. Coherence, �RAB(�)�2, between the muscles was then com-
puted using Eq. 1 (Halliday et al. 1995; Rosenberg et al. 1989).
Coherence is a unitless measure bounded from 0 to 1, which indicates
the linear relationship between two processes at various frequencies

 RAB(�)�2 � � ƒAB(�)�2

ƒAA(�)ƒBB(�)
(1)

We also computed the time-cumulant density estimates for all pairs of
muscles recorded with the indwelling electrodes. The time-cumulant
density function provides a time-domain representation of the corre-
lation between signals. It estimates the timing and periodicity between
synchronized inputs identified by the coherence estimates. We com-
puted the time-cumulant density estimates using the inverse Fourier
transform of the cross-spectrum, ƒAB(�). Frequency-specific coher-
ence and time cumulant density estimates were considered significant
when they exceeded the 95% confidence interval computed according
to Halliday et al. (1995).

R E S U L T S

Preferred direction of neck muscles

All subjects exhibited well-defined muscular activations
when generating isometric forces in different directions (Fig.
2). All muscles exhibited preferred activation directions for the
50-N R&H task and the 50-N force sweep task (Rayleigh test,
P � 0.05; Fig. 3). Only 5 of 184 muscle distributions in the
25-N force sweep task did not exhibit preferred activation
directions (3 SCM, 1 SsCap, and 1 MultC4). The proportion of
nonuniform distributions were similar between the superficial
and deep neck muscles (P � 0.05). Between-subjects variabil-
ity in preferred direction was minimal for most neck muscles

FIG. 1. Experimental setup and electrode placement. A: experimental setup illustrating the position of the head and trunk during the experiment. Bottom: bird’s
eye view of the subject’s head and the angle corresponding to the direction of the exerted force (0°: flexion; �180°: extension; �90°: left lateral flexion; 90°:
right lateral flexion). B: transverse section of a magnetic resonance image at the level of C4 illustrating the position of the various indwelling electrodes inserted.
C: ultrasound image showing the reflection of the hypodermic needle during the insertion of the wires in the SsCap. SCM, sternocleidomastoid; LS, levator
scapulae; Trap, trapezius; SPL, splenius capitis; SsCap, semispinalis capitis; SsCerv, semispinalis cervicis; Mult, multifidus.
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(typically �25°; Table 2). Even deep neck muscles, in partic-
ular the multifidus muscles (Fig. 4), exhibited good intersubject
agreement with a posterolateral preferred direction of activity.
The one exception was for the SPL muscle (Fig. 5): its
preferred direction varied from posterolateral in four subjects,
to lateral in one subject, to anterolateral in two subjects, to an
alternation between posterolateral and lateral depending on the
direction of the force production (clockwise vs. counter-clock-
wise) in two subjects.

In the force sweep task, preferred direction generally varied
with sweep direction and focus generally increased with force
amplitude (Fig. 3, Tables 1 and 2). Except for Trap and SPL,
the preferred direction of the left neck muscles during clock-
wise sweeps was angled more posteriorly than for counter-
clockwise sweeps (Table 2, Figs. 3–5). Trap and SPL were also
the only two muscles that did not exhibit increased focus with
increased force, although the focus of MultC4 increased only
when tracing clockwise.

Neural control of neck muscles

The deep neck muscle layers (SsCap, SsCerv, MultC4, and
MultC6) appeared to be synergists when performing the 50-N
force sweep task (Fig. 6). Overall, the r2 values between these
muscles ranged from 0.22 to 0.90 with the greatest correlations
observed between the SsCerv and MultC6 (r2 � 0.67–0.89).
Trap and LS were also correlated, with eight of nine subjects
having r2 values �0.2 (range: 0.01–0.76). Trap and LS muscle
activity were correlated with activity in the deeper muscles
(SsCap, SsCerv, MultC4, and MultC6; r2 range: 0.01–0.81).
On the other hand, the SPL showed a unique pattern of activity.

FIG. 3. Muscles tuning curves for a single subject. The black and gray
lines originating from the center of the circle represent the mean resultant
vector (preferred direction) of the muscle tuning curves, and the arcs
illustrate the angular deviation of the resultant vectors. All EMG data has
been normalized to the maximal EMG observed during the 50-N R&H task
(dark circle in the polar plot). For the continuous isometric forces per-
formed in the horizontal plane, the gray lines represent the clockwise
rotations and the black lines the counter-clockwise rotations. The dark
circle represents 25 N in the force plots and the maximal RMS EMG
activity observed during the 50-N ramp-and-hold contractions in the
muscle plots. The abbreviations used for the neck muscles are listed in the
caption of Fig. 1; R&H, ramp and hold; CIR, circle; FLEX, flexion; EXT,
extension; LLF, left lateral flexion; RLF, right lateral flexion.

FIG. 2. Raw data from a single subject. Time series of the force and EMG
data collected during a 50-N counter-clockwise continuous isometric contrac-
tion. The vertical scale bar represents 25 N. The abbreviations used for the
neck muscles are listed in the caption of Fig. 1; l, left.
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For some subjects, SPL activity correlated with the activity of
the posterior muscles (subjects 1 and 7: r2 � 0.21 and 0.79,
respectively) whereas for others, its activity correlated with the
activity of SCM (Fig. 6; subjects 5 and 8: r2 � 0.43 for both).

Muscle-muscle coherence analyses within subjects revealed
a prominent peak in coherence between 10 and 20 Hz in
muscle pairs with high r2 coefficients (Fig. 7A; SsCap-
MultC4). The cross-correlation and time cumulant distribu-
tions revealed similar features (Fig. 7, B and C). When the
�14-Hz peak in coherence was present, it was associated with
cross-correlation lags and time cumulant peaks occurring
within 25 ms of synchrony (0 lag). In addition, the cross-
correlation and time cumulant distributions exhibited well-
defined oscillations with a period of �70 ms on both sides of

the peak value. The amplitude of these oscillations remained
significant for three cycles (Fig. 7B), emphasizing the strength
of the 14-Hz drive to the neck motoneurons. When averaged
across subjects, the time lag between muscles was shortest
between muscles of the deepest layers (SsCap, SsCerv,
MultC4, and MultC6; range: 0.3–4.2 ms).

The time and frequency correlation analyses performed on
the pooled-subjects data revealed the same general features. A
significant peak in EMG-EMG coherence was observed around
10–15 Hz between pairs of agonist muscles (Fig. 8). This peak
in coherence was easily identified in pairs of muscles showing
high r2 coefficient, e.g., between Trap and LS and between the
deep neck muscles (SsCap, SsCerv, MultC4, and MultC6), but
also between Trap and the deep neck muscles (top left, Fig. 8).
The EMG–EMG muscle coherence was smallest for estimates
involving the SCM or the SPL. These �14-Hz synchronized
neck muscles oscillations were accompanied by significant
oscillations in the cumulant density peaking at �0 ms and had
a period of �70 ms (bottom right, Fig. 8). Thus the between-
muscle oscillations were synchronized and the �14-Hz signal
was again strong, as revealed by the 70-ms oscillations remain-
ing significant for three to four cycles on both sides of the peak
synchrony.

D I S C U S S I O N

Our goal was to examine whether the superficial and deep
neck muscles play different roles during isometric tasks. Our
results showed well-defined tuning curves for all muscles
tested, increased focus of most muscles with increased isomet-
ric force, and 10- to 15-Hz oscillations in the neural signals
controlling the superficial and deep posterior neck muscles.
Each of these findings is discussed in more detail in the
following text, but from the perspective of our overall goal,
these three finding disprove our three hypotheses, and we
therefore reject the idea that superficial and deep neck muscles
function differently from one another during isometric contrac-
tions.

Preferred direction and focus

All neck muscles studied exhibited well-defined preferred
directions in their tuning curves for the 50-N isometric con-
tractions. In addition, most muscles showed a similar preferred
direction across all subjects. These observations suggest that

TABLE 2. Mean preferred direction of the resulting vector for the EMG tuning curves during the sweeping isometric contractions

Condition

Muscles

Counter-clockwise Clockwise Repeated-Measures ANOVA

25 N 50 N 25 N 50 N Load Direction Interaction

1 SCM �49 � 28 �43 � 17 �66 � 32 �51 � 19 F � 6.597 P � 0.033
1 LS �109 � 23 �114 � 13 �130 � 18 �130 � 11 F � 5.948 P � 0.041
1 Trap �135 � 40 �141 � 24 �154 � 20 �161 � 23 F � 3.63 P � 0.093 F � 12.36 P � 0.008
1 SPL �102 � 62 �97 � 26 �130 � 48 �117 � 45 F � 3.816 P � 0.087
1 SsCap �147 � 19 �144 � 12 �171 � 15 �168 � 15 F � 18.74 P � 0.003
1 SsCerv �147 � 7 �151 � 8 �190 � 9 �188 � 8 F � 115.1 P � 0.000
1 Mult.C4 �164 � 20 �157 � 13 �216 � 46 �194 � 13 F � 17.09 P � 0.003
1 Mult.C6 �151 � 11 �153 � 13 �181 � 21 �181 � 12 F � 26.81 P � 0.001

The italicized values represent main effects that were not significant but exhibited P values � 0.10. Counter-clockwise and clockwise represent the directions
of isometric force production.

FIG. 4. Tuning curves for the multifidus muscle (measured at C4) for all 9
subjects during the continuous circles isometric forces at 50 N. Each tuning
curve represents the EMG data from a single subject. The black and gray lines
originating from the center of the circle represent the mean resultant vector
(preferred direction) of the muscle tuning curves and the arcs illustrate the
angular deviation of the resultant vectors. The gray lines represent the clock-
wise rotations and the black lines the counter-clockwise rotations. All EMG
data has been normalized to the maximal RMS EMG observed during the 50-N
R&H task (dark circle in the polar plot). Note the consistent preferred
posterolateral direction of the multifidus tuning curves for all subjects.
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the CNS copes with the anatomical complexity of the neck
muscles by developing consistent muscle synergies to generate
multidirectional patterns of force (Vasavada et al. 2002). The
only exception to this rule was the SPL muscle, which showed
variations in its tuning curves from anterolateral in some

subjects to posterolateral in others. Although our findings
contradict the consistent posterolateral directional preference
of SPL observed by some researchers (Gabriel et al. 2004;
Vasavada et al. 2002), it replicates earlier observations of
subject-specific anterolateral and/or posterolateral directional
preferences (Keshner et al. 1989; Mayoux-Benhamou et al.
1997). This difference in SPL behavior is puzzling and could
be related to electrode placement. We inserted our SPL wire
electrode under ultrasound guidance at the C4 level, whereas
previous authors inserted their wires into SPL under the oc-
cipital protuberance where SPL can be manually palpated
(Gabriel et al. 2004; Keshner et al. 1989; Mayoux-Benhamou
et al. 1997; Vasavada et al. 2002). Another possible reason
could be functional compartmentalization of the human SPL,
similar to that described in the cat (Richmond et al. 1985;
Wilson et al. 1983). Although careful attention was given to the
identification of the neck muscles and insertion of the wires in
all subjects, it is possible that the wires were in different
functional compartments of SPL in different subjects.

SPL might also have a functional role during the multidi-
rectional isometric neck muscle contractions that is distinct
from the other neck muscles. Except for Trap and SPL, the
neck muscle tuning curves were more focused when subjects
generated larger forces (from 25 to 50 N). Because Trap is
generally classified as a shoulder muscle and is innervated by
the accessory nerve, a different modulation of its firing behav-
ior compared with actual neck muscles is perhaps not surpris-
ing. The absence of an increase in SPL focus with increasing
isometric force cannot be explained as simply. The large
angular deviation of SPL could suggest that it acts to stabilize
the head and neck rather than to apply focal forces during our
task. It could also mean it behaves ambiguously when axial
stabilization or motion is not required. Further work in needed
to better understand the role of the SPL muscle.

FIG. 5. Tuning curves for the SPL for all subjects during the continuous
circles isometric forces at 50 N. Each tuning curve represents the EMG data
from a single subject. The black and gray lines originating from the center of
the circle represent the mean resultant vector (preferred direction) of the
muscle tuning curves and the arcs illustrate the angular deviation of the
resultant vectors. The gray lines represent the clockwise rotations and the black
lines the counter-clockwise rotations. All EMG data has been normalized to the
maximal RMS EMG observed during the 50-N R&H task (dark circle in the
polar plot). Note the inconsistent preferred direction of the SPL tuning curves
for all subjects.

FIG. 6. Correlation between the muscle activities recorded from the various
indwelling electrodes. The color gradient illustrates the amplitude of the
Pearson’s correlation coefficients (R2). Each square of the 3�3 array repre-
sents the correlation from a single subject. The blank squares represent missing
data for MultC6 in 1 subject. The white diagonal bar illustrates negative
correlations. The correlation coefficients for the 3 deepest neck muscles were
consistently high for all subjects. The abbreviations used for the neck muscles
are listed in the caption of Fig. 1.

FIG. 7. Coherence, time cumulant and cross-correlation estimates between
the SsCerv and cervical multifidus (MultC4) muscles for a single subject
performing the 50-N continuous isometric contractions. The EMG data for the
clockwise and counter-clockwise directions were concatenated. The dotted
lines on the coherence and time cumulant density functions (A and B) represent
the 0.95 confidence intervals. The circle on the cross-correlation illustrates the
maximal correlation between muscles occurring near 0 ms. Note the significant
peak in coherence between 10 and 20 Hz (A) and the similarity between the
time cumulant estimates and the cross-correlation estimates (B and C).

925NEURAL CONTROL OF NECK MUSCLES

J Neurophysiol • VOL 98 • AUGUST 2007 • www.jn.org

 on A
ugust 6, 2008 

jn.physiology.org
D

ow
nloaded from

 

http://jn.physiology.org


The focused behavior of the cervical multifidus muscles
during our multidirectional isometric tasks contradicts the idea
that the cervical multifidus muscles have a unique role for
intervertebral stabilization (Bexander et al. 2005). This is at
odds with their role in the lumbar and thoracic regions (Lee et
al. 2005; Moseley et al. 2002). Our results suggest that the
Multi, SsCap, and SsCerv muscles act as agonists when apply-
ing forces in a well-defined arc of the multidirectional circle
(posterolateral direction) and receive common neural signals to
their motoneuron pool.

Neural control of the neck muscles in humans

Using multiple indwelling EMG recordings, we identified
neck muscle synergies during multidirectional neck muscle
contractions. The use of fine-wire electrodes to record the
various neck muscles in the present experiment validates the
observed correlations and excludes the confounder of EMG

cross-talk between muscles. This view is confirmed by the
focused peak in coherence between 10 and 15 Hz, whereas
coherence across the whole spectrum would be expected if
cross-talk was present (Hansen et al. 2005).

Increased coherence in the 10- to 15-Hz bandwidth was
observed both within the superficial and deep neck muscles and
between the superficial and deep neck muscles. This observa-
tion contradicts our initial hypothesis that the superficial and
deep neck muscles would receive different neural signals due
to different functional roles. In addition, the time-domain
correlation analyses revealed strong correlations occurring at
�0- to 4-ms delays between the various muscles. This finding
further supports the possibility that the various muscles re-
ceived a common neural drive—delayed only by the peripheral
conduction time. This neural drive was also characterized by
recurring oscillations with a 70-ms period, arguing for strong
10- to 15-Hz descending signals. A close examination of the

FIG. 8. Pooled coherence and time cumulant estimates for all subjects performing the 25- and 50-N continuous isometric contractions. The EMG data were
concatenated for the clockwise and counter-clockwise directions. The dotted lines on the coherence and time cumulant density functions represent the 0.95
confidence intervals. The time (in ms) on the time-cumulant density functions represent the time lag at maximal correlation. Note the significant 10- to 15-Hz
coherence for muscles showing good correlation (see Fig. 6) as well as the �70-ms oscillations in the corresponding time cumulant densities. The abbreviations
used for the neck muscles are listed in the caption of Fig. 1.
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raw EMG from the indwelling recordings reveals groups of
motors units firing in a random order with �70-ms interspike
intervals. These observations show that deep and superficial
neck muscles acting as agonists are driven by a common neural
drive during the production of continuous horizontal isometric
force.

The frequency content of muscular oscillations can be used
as a marker of the neural drive to the motoneurons (Baker et al.
1999; Hansen and Nielsen 2004; Kilner et al. 1999, 2003;
Perez et al. 2006). For example, intermuscular and corticomus-
cular oscillations in the 16- to 35-Hz bandwidth have been
linked to corticospinal drive to the limb motoneurons (Baker et
al. 1999; Kilner et al. 1999). Neck muscular oscillations (SPL,
SCM, and LS) in the 10- to 15-Hz bandwidth have been
reported in healthy individuals performing tonic neck contrac-
tions (Tijssen et al. 2000, 2002). These authors hypothesized a
functional role for these muscle oscillations in sensorimotor
integration possibly through olivary-cerebellar rhythmic activ-
ity (Tijssen et al. 2000). Recently, Grosse and Brown (2003)
observed synchronous bilateral muscle oscillations in the 10- to
20-Hz bandwidth induced by acoustic startle that were absent
during voluntary activation and sham startle. They argued that
coherence in the 10- to 20-Hz bandwidth could be used as a
surrogate marker of reticulospinal activity because reticular
structures are known to lie along the startle reflex pathway
(Yeomans et al. 2002). The cat literature also provides com-
pelling evidence that reticular neurons make monosynaptic
excitatory connections with neck motoneurons (Iwamoto and
Sasaki 1990; Sasaki 1999). These reticular neurons projecting
to the neck motoneurons are known to be under cortical control
(areas 4 and 6) (Alstermark et al. 1985; Isa and Sasaki 2002).
In addition, single reticulospinal neurons are connected with
different groups of neck motoneurons, suggesting the existence
of motor primitives in the reticular formation to control neck
muscle synergies (Shinoda et al. 1996). These characteristics of
the reticulo-spinal neurons argue strongly for the involvement
of reticulo-spinal activity in the generation of the 10- to 15-Hz
neck muscular oscillations. Because our subjects performed
voluntary contractions of the neck muscles that presumably
involved cortical processing, we propose that the cortical
activation of the neck motoneurons occurred through a relay in
the reticular formation instead of a direct corticospinal projec-
tion to the neck motoneurons. This hypothesis is indirectly
supported by the absence of 16- to 35-Hz oscillations in the
neck muscles and by the weak monosynaptic corticospinal
projections to the proximal versus distal musculature (Mu-
rayama et al. 2001).

In the present experiment, we did not observe 10- to 15-Hz
synchronization between SPL and SCM (Fig. 8). Tijssen and
colleagues, however, described motor synchronization in the
10–15 Hz for both the SCM and SPL (Tijssen et al. 2000,
2002). The apparent discrepancy between our results and those
reported previously may be explained by the different tasks
used in each experiment. Here, subjects were required to
perform isometric neck muscle contractions in the horizontal
plane, whereas Tijssen and colleagues asked their subjects to
perform axial head rotations (Tijssen et al. 2000). During axial
head rotation toward the right, the left SCM and right SPL act
as synergists (Williams et al. 1995). There is no instance,
however, in which the SCM and SPL act as synergists when
performing multidirectional neck muscles contractions in the

horizontal plane. It appears that muscular synchrony between
the various layers of neck muscles is present only when a
combination of muscles act as synergists. From a functional
perspective, it further suggests that common reticulospinal
neurons drive the various neck motoneurons contributing to the
desired motion or force, independently of the muscle layer. The
presence of reticulospinal neurons projecting to different
groups of neck motoneurons makes the reticular formation an
ideal candidate to contain a detailed representation of neck
motor synergies (Shinoda et al. 1996).

Load and focus

The greater focus we observed at the higher load contradicts
previous work that showed the same or less focus at increased
load (Keshner et al. 1989; Vasavada et al. 2002). Our method
of a continuous force sweep in the horizontal plane provided
better estimates of the focus than did the 8 or 16 discrete
positions used in these earlier studies, and may explain the
difference in results. Our results suggest that the complex
anatomy of the neck muscles is well used by the CNS: when
the load required of the neck muscles is low and numerous
muscles can contribute to the required load in multiple direc-
tions, the nervous system effectively uses a combination of
these muscles. As the load increased, the nervous system seems
to recruit the muscles that can contribute specifically to gen-
erate the required load in a desired direction.

We performed a detailed analysis of the neck muscle acti-
vation and have shown that most muscles exhibit well-defined
muscle tuning curves and preferred firing directions. Our
analysis, however, was limited to the various layers of the
posterior neck muscles and the SCM. The behavior of the deep
neck flexor muscles was not studied and cannot be extrapolated
from the current data set. We also confined our experiment to
horizontal forces, and the condition of axial rotation or other
head postures remains to be studied.

In conclusion, the present experiment showed that the var-
ious layers of neck muscles exhibited synchronized neural
drive between 10 and 15 Hz. In addition, our results have
shown that the neck multifidus muscles can exhibit phasic
activity during multidirectional isometric contractions that is
well correlated with the activity of the SsCap and SsCerv.
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