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Abstract In this study we examined connections b§atroduction
tween the moment-generating capacity of the neck mus-
cles and their patterns of activation during voluntaAfthough anatomical studies provide evidence that a
head-tracking movements. Three cats lying prone weesting cat will hold its neck in a vertical orientation
trained to produce sinusoidal (0.25 Hz) tracking movésraf et al. 1995; Vidal et al. 1986; de Waele et al.
ments of the head in the sagittal plane, and 22.5° and ¥389), neural and mechanical redundancies in the head-
away from the sagittal plane. Radio-opaque markemck complex suggest greater flexibility for producing
were placed in the cervical vertebrae, and intramusculi@ad and neck movements. Long neck muscles such as
patch electrodes were implanted in five neck muscles, liventer cervicis (BIV), complexus (CPX), and splenius
cluding biventer cervicis, complexus, splenius capitieapitis (SPL), cross many cervical vertebrae and can
occipitoscapularis, and rectus capitis posterior majgenerate moments about both the lower and upper cervi-
Videofluoroscopic images of cervical vertebral motiogal joints. Some investigators (Richmond et al. 1985,
and muscle electromyographic responses were simult892; Wickland et al. 1991) have found that, because of
neously recorded. A three-dimensional biomechanid¢heir multiple insertions, many of the neck muscles have
model was developed to estimate how muscle momeniltiple functions or change their function depending on
arms and force-generating capacities change during tine initial position of each vertebral joint and the degree
head-tracking movement. Experimental results demda-which the joints are free to move in each of the planes
strated that the head and vertebrae moved synchronowslynotion.
but neither the muscle activation patterns nor vertebralThe extent of functional variability in the neck mus-
movements were constant across trials. Analysis of ttes appears to depend upon the task being studied.
biomechanical model revealed that, in some cases, m&disdies of the spatial patterns of neck muscle activation
fication of muscle activation patterns was consistent wighiring the vestibulocollic reflex (VCR) were found to
changes in muscle moment arms or force-generating pe-consistent in both head-fixed and head partially free
tential. In other cases, however, changes in muscle aptiradigms (Banovetz et al. 1995). During rotation of the
vation patterns were observed without changes in mudeg&d with the cervical column oriented perpendicular or
moment arms or force-generating potential. This sugarallel to gravity (Thomson et al. 1994), some neck
gests that the moment-generating potential of musclesnigscles varied their activity levels when the neck was
just one of the variables that influences which musclegrizontally or vertically positioned, while others main-
the central nervous system will select to participate irfaned a consistent pattern of activation regardless of
movement. vertebral alignment. The two groups of muscles were
i separated into those that were more superficial and at-
Key words Neck muscles - Videofluoroscopy - Head tached to the lambdoidal crest (invariant) and those that
tracking - Moment arms - Biomechanical model - Cat ere lateral and caudal and attached intervertebrally or
on to the scapular (variable). In a study of free head
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Increased variability in spatial patterns of muscle agheck the location of the radio-opagque markers and EMG patch
tivity may be due to greater cervical joint mobility durelectrodes.
ing the tracking task, which could produce alterations in
the moment arms and force-generating capacity of #3@eo motion and EMG analysis
muscles. Increased cervical mobility also presents more _ _ _
control variables to the central nervous system (CN‘r‘SS ?Of!;'r?rtgsgo\l;;jsd\%?eg‘{gsec?&?éfgs(hsi?fgﬁgngsfzt:er??n"‘éi) dll'
an.d greater variety In the mOtlon'dependent feedbac.kiq u)(ljed a sagittal view of ?he cat from occipu't to thoracic vegrte-'
this study we examined both motion of the CerV'Cé}ae, the arm of the drinker, and a videocounter signal (Thalner
joints and the associated changes in the moment aHRStronics). During recording, the behavior of the animals was
and force-generating properties of the neck musclesmenitored on a standard television monitor. A position signal for
determine how they influence the patterns of activatifis drinker was recorded both on-line and on the videotape to tem-

hibited duri | head i ﬁgrally correlate movement of the head and neck with the EMG
exhibited during voluntary head-tracking movements Y5 ‘During trials in which the drinker moved out of the sagittal

three alert cats. plane, the fluoroscope was aligned with the angle of the drinker to
minimize parallax. A computer-based video-motion analysis
system (Automatix) was employed to derive shgcoordinates of
each anatomical marker and the drinker position signal every 300

Material and methods ms. EMG signals (sampling rate 100 Hz) were differentially am-
plified, full-wave rectified, and low-pass filtered (time constant 3
Behavioral training ms). Signals were stored in digital form on computer for later re-

duction and analysis.
Three adult cats, one female and two males (2.5-4.5kg), wereA fast Fourier transform (FFT) performed on the position sig-
subjects in these experiments. The total number of data colleciéh muscle EMG responses, and vertebral position data provided
periods varied for each cat, but a minimum of 5 days of compléé@l and imaginary values at 0.25 Hz from which response orienta-
data were collected. The cats were trained, using positive rdians [i.e., phase=arctan (imaginary/real)] and response amplitudes
forcement, to perform sinusoidal (0.25 Hz) head-tracking movsguare root of the squared real and imaginary values) could be
ments as they followed a motor-driven water spout (drinker) wiglculated. Comparisons between EMG response amplitudes in the
an excursion of +15° in the vertical (pitch) plane (see Keshnerségittal and two off-axis planes were tested for significance with a
al. 1992, their Fig. 1). The drinker was positioned directly in froffiruskal-Wallis nonparametric ANOVA and posthoc analyses were
of the animal, with the axis of rotation of the drinker alwaygerformed using Dunn’s multiple comparison test. Comparisons
placed as close as possible to the tip of the spinous process ofdeween the vertebral amplitudes could not be made because they
The cats were wrapped in a body bag, placed in a wooden céitanged with the focal distance of the camera, which was reposi-
and tested while lying prone in an earth-horizontal position. Thégned on most trials. All EMG and vertebral response phases
were required to lie quietly and to drink without interruption fovere calculated relative to the position of the drinker, such that
10-20 trials lasting 20 s each. The cats were also tested in twoR&#k up position was 0° peak down was 180°, +90° was in phase
ditional planes of motion, 22.5° and 45° away from the sagitw@ith peak downward velocity of the drinker (lagging peak up posi-
plane (see Keshner et al. 1992, their Fig. 1). In these planes,ti®@), and-90° was in phase with peak upward velocity of the
drinker moved along a right-ear-up and left-ear-down diagonal. drinker (leading peak up position).

Surgery

All experiments followed the principles of laboratory animal ca
set forth by the National Institutes of Health in tBeide for Care
and Use of Laboratory Animabknd were approved by the Institu-
tional Animal Care and Use Committees at Northwestern Univ
sity and the Veterans Administration. On completion of behavio
training, surgical procedures were performed with the animals
der halothane (1%) and nitrous oxide (80%0N20% Q) anes-
thesia to prepare them for chronic recording. Radio-opaque m
ers (stainless steel screws 1/16 inch) were anchored in the spi
or transverse processes of the cervical and first thoracic verte
and the occipital protuberance (head; Fig. 1). Intramuscular el
tromyographic (EMG) electrodes, consisting of stainless st
wires lying along a silastic sheath (Microprobe), were stitch
with 3-0 mersilene suture to the connective tissues around
muscles through a dorsal midline incision. Electrode wires w
then threaded into a connector cemented on the skull of each
Muscles receiving implants included BIV, CPX, SPL, occipit
scapularis (OCC), and rectus capitis posterior major (REC;
Richmond and Vidal 1988 for a detailed explanation of mus
anatomy). Different approaches used in each cat to anchor
screws in the vertebrae necessitated muscles on different sides of

the body being given implants. In one male cat, all muscles excEjgt 1 Digitized fluoroscopic image presenting a sagittal view of
BIV were implanted on the right side. In the other male cat, #éifle head and neck with radio-opaque markers positioned in the oc-
muscles except OCC were implanted on the left side. CPX, Seiput, C1, C2, C4, C6, C7, and T1. Therizontal barcrossing the

and REC were implanted on the left and BIV and OCC on tekull is the arm of the drinker in its upward position. The video-
right in the female cat. When all recording was completed, the atunter signal is at theottom The split-screen image permitted a
mals were killed with an overdose of pentobarbital sodium and denstant view of the oscilloscope trace representing drinker posi-
capitated. Postmortem examination of the neck was carried oution
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Biomechanical analysis Motion of the neck in the sagittal plane was defined by revo-
lute joints allowing rotation at skull-C1, and between each of the
A model was constructed to represent the moment-generaigivical vertebrae. The axis of rotation was calculated for each
characteristics of the neck muscles (Statler et al. 1994). This mf@qim using rigid body techniques (Spiegelman and Woo 1987) ap-
el was implemented using musculoskeletal modeling softwajged to vertebral position data digitized at five points over the en-
(Delp and Loan 1995) and consisted of four components: bone ggr range of vertebral movement observed in the three cats during
ometry, muscle geometry, muscle force-generating parametgtiuntary head-tracking movements. Head tracking was character-
and joint kinematics. The surfaces of the skull, C1-7, and T1 weigd by aligning the computer model to the cats’ vertebral align-
digitized from a single cat cadaver with the head in the physiologient observed in the videofluoroscopic recordings during the
cal rest position (Vidal et al. 1986), and displayed on a computggcking movement. The model was aligned to the mean vertebral
graphics workstation. Muscle paths of the REC, CPX, BIV, OCggordinates from five trials for each cat, selected from trials in
and SPL neck muscles were defined using bony landmarks as igfich the cat's head moved in synchrony with drinker position.
erences. The origin and insertion of each muscle were definedcagrdinates of the T1, C7, C4, C2, C1, and skull markers for the
well as any intermediate points necessary to accurately repreg@at positions selected during the tracking movement from peak
the muscle paths over a range of head-neck positions. head up to peak head down were matched. In each case, the model
A generic musculotendon model (Zajac 1989) was scaled s placed so that the position of T1 corresponded to the digitized
each muscle’s maximum isometric force, optimal muscle fibg{arker positions of T1 from the experimental videofluoroscopic
length, pennation angle, and tendon slack length to determine ft&rdings. The angle of the T1-C7 joint was then varied until the
force-length relation of that specific muscle. Each muscle’s magjsition of C7 in the model matched the digitized position of C7
mum isometric force was computed by multiplying measurégm the experimental data. This procedure was repeated for each
physiological cross-sectional area by a specific tension of 2%oint and vertebra until the model matched the overall position of
N/cm? (Wickland et al. 1991). Optimal muscle fiber lengths weige cat. By comparing the differences in each joint angle between
measured in three cats. The cats were allowed to go into rigopéak head up and peak head down, the relative motion of each ver-
fix fiber and sarcomere lengths while the head and neck were hglgtal joint over the whole excursion of the head could be deter-
in physiological rest position with a stereotaxic frame. Sarcomeffned. Figure 2 illustrates the cervical alignment and muscle at-
lengths were measured from biopsies of small bundles of rigofgdhments and the path of the radio-opaque markers during excur-
fibers as described by Selbie et al. (1993). Fascicle lengths Wgths of the head from peak up to peak down.
also measured. These measurements were used to determine tlm/ combining the musculoskeletal geometric data, musculo-
sarcomere length corresponding to the vertical resting postyre tendon models, and the skeletal kinematics, we were able to esti-
and to determine the optimal muscle fiber lengths. Optimal fibgyate the musculotendon lengths, muscle fiber length, muscle fiber
lengths were calculated by multiplying fascicle lengths g@.5, yelocity, moment arm, and force-generating capacity for the range
where 2.5 um is the optimal sarcomere length reported by Herggghead and cervical vertebral alignments observed during the
etal. (1992). tracking movement.

Results

Patterns of muscle and vertebral activation
in the sagittal plane

A typical pattern of activation for each of the recorded
muscles in one cat, as well as motions of the vertebrae
and the drinker, is shown in Fig. 3, where the head and
vertebrae exhibited a sinusoidal pattern that closely re-
Top of motion sembled the sinusoidal shape of the drinker motion. In
this trial, the cervical spine and head lagged the peak up
position of the drinker.

Relative joint motion was observed between skull-C1,
C3-4, C4-5, C5-6, C6—7, and C1-T1. The relative inter-
vertebral motions used to accomplish the tracking task
were different for the female and male cats, possibly as a
result of the smaller size of the female as compared to
the two male cats (Fig. 4). The female was the smallest
of the cats (2.8 kg as compared to 4.6 kg), fit comfort-
ably into the crib, and had room to weight shift during
the trials. The smaller size of the female cat required that
she make greater excursions of the upper cervical joints
) . ) . to accomplish the tracking task. Thus, the female cat
Fig. 2 Orientation of the head and cervical vertebrae at pea&ed rotations of 35° at skull-C1, 7° at C2—3, 7° at C3—4,

down and peak up positions of the drinker during the tracki(g )
task. Views produced by manipulating joints of the biomechanidai at C4-5, and 2° at C6-7. The male cats used rotations

model to match the locations of the stainless steel schld fed of 20° at skull-C1, 6° at C2-3, 2° at C3—4, 2° at C4-5, 3°
lines) in the five vertebrae from a captured video frame superirgt C5-6, 2° at C6-7, and 4° at-T1.

posed over the modehrrows identify the five muscles recorded . :
with intramuscular electrode8iV biventer cervicis,CPX com- Although in most trials both the vertebral column and

plexus,OCC occipitoscapularisREC rectus capitis posterior ma-the head tended to be in phase with the drinker, there
jor, SPLsplenius capitis.} were some trials in which response phases of the head or

Bottom of motion
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Fig. 3 A single trial of raw
EMG data from each muscle.
The oscilloscope trace repre-
senting movement of the drink-
er (thin line) overlies the data.
Positive directions of the trace
represent upward motion of the
drinker. Phases of the muscles
relative to peak up position of
the drinker are printed above
each plot. Théower right plot 2000 . Biventer Cervicis -21° ~ Splenius Capitis -134°
contains the digitized traces of L

the cervical vertebrae, the head
(bold ling), and the drinker
(dashed ling Phases of the
head and each vertebra relative
to the drinker are printeabove
the plo’

2000 - Rectus Major -15° Occipitoscapularis -90°

2000 . L L s L 2 s -

Amplitude (arbitrary units)
o

2000

Head 30°,C¢ 38°,C2 36°,C4 35°,
2000 - COMplexus  -20° - Ce¢ 3\4",C7 ?\9‘)

2000, 5 0 5 2
Time (sec) Time (sec)
Relative Joint Movement brae after the head and drinker had already reversed their

direction of movement. In the majority of responses,
Skull-C1 however, phases tended to lead or lag within 30° of peak
c1.co up position and differences between the vertebrae were

small, varying by no more than 20° (Fig. 5). In some tri-
c2-c3 als the intervertebral phases differed more noticeably.
ca.ca Particularly in the female cat presented in the bottom

plot in Fig. 5, intervertebral variability was markedly in-
c4-C5 creased with some trials differing as much as 130° be-
cs.co tween the vertebrae.

Comparisons of the muscle EMG responses across
c6-C7 cats revealed discernible patterns of muscle activation.
I Normalized amplitudes and phases of the EMG respons-

' ' , , ; ' , es are plotted on polar plots in Fig. 6. BIV was activated
0 10 20 30 close to peak up position of the drinker for all three cats.
Degrees CPX responded primarily in phase with peak up position

Fig. 4 Relative intervertebral movements exhibited by one femaf the dri_nker' But in some t_r?a'S’ CPX responses were in

(shaded barsand two maleHatched bargcats at each joint of the Phase with peak down position or peak upward velocity

cervical spin- (-90°) of the drinker. Response phases for OCC were
broadly scattered between peak position down and peak

. " . osition up of the drinker, revealing a muscle poorl
vertebrae did not match the position of the drinker. T\'ﬁ?atched t% any parameter in the gsagittal plang SgL
of the cats had at least one trial where the animal :

peared to be tracking the drinker and successfully ¢ #MG responses demonstrated the most dichotomy with

X OfB3pect to individual strategy; the preponderance of re-
pleting the task, but response phases were greater Walhqes were related to peak position up, but in one cat
90° out of phase with the drinker. Observation of the Vifiose responses were closer to peak position down. For
eotapes revealed that, in these trials, movement of thé.~is REC EMG responses were mostly in phase with
head or vertebrae continued in the original direction g ’ ’

motion after the drinker had reached peak up or downphaSe leading, peak position up of the drinker.
position and began to move in the reverse direction. In

other trials, the motion of the lower cervical vertebrddusculoskeletal patterns during off-axis head tracking
differed greatly from the head and upper cervical verte-

brae. In this case, the animal began moving the head ¥l also tested neck muscle EMG responses with the
upper spine first, followed by motion in the lower vertadrinker positioned 22.5° and 45° away from the sagittal
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9 F male cat plane so that the head moved along a right-ear-up to left-
- 8 ear-down diagonal (Fig. 7). We anticipated that direc-
E 8 tional properties might emerge from the right compared
oF @ with left-sided muscles when moving out of the sagittal
2 S plane, but there was no indication of this in the phase da-
ta.
3 Movement in the diagonal plane had two principal ef-
90 . . A - . fects. First, in the two pure extensor muscles BIV and
2 4 6 8 10 REC, phase responses became more scattered as the ani-
mals moved further away from the sagittal plane, so that
the muscles responded primarily to velocity rather than
‘ _ position of the head. The second effect was that the OCC
g Q 8 % @ responses became more focused so that most were in
: phase with peak head down position. A Kruskal-Wallis
3 nonparametric ANOVA revealed that the BIV and REC
EMG response amplitudes for all three cats dropped sig-
nificantly (P<0.05) as the stimulus moved 22.5° away

Phase wrt Drinker (deg)

80 £ male cat

Phase wrt Drinker (deg)
o
T

0" i 2 s 4 5 s from the sagittal plane.
~ 90
B < 8 female cat ) ] ] )
kS = o g8 o g Biomechanical analysis of the head-tracking task
g 5 5 2o
-g_ . @ v 8 > o We used the biomechanical model to examine the muscle
T o & moment arms and force-generating potential during the
@ © tracking movement. Dorsal neck muscles have a moment
2 o O arm and exert a moment about each joint that is spanned
* % . . . : o - by that muscle. We found little change in the muscle mo-

ment arms of any of the muscles in the three cats. Mo-
ment arms about skull-C1, C3-4, and C7-T1 are shown
Fig. 5 Head and vertebral phase responses relative to the drinkerTable 1 for each of the muscles when the head was
Each plot illustrates responses across trials for one animal; ¢gyse to the physiological rest position.

sponses of the female cat are in ioétom plot Phase conventions e _
are relative towWrt) the peak up position of the drinker (0°), wher? The Capab'“ty of each muscle to produce forc_e was de
+90° lags peak up position ardi0° leads peak up positioangpty  t€rmined using the model to calculate the operating ranges
ellipsehead rectangleC1, empty diamond2, diagonal cros<C3, 0f the muscle on the force-length curve (Fig. 8). Muscles

upright crossC4, filled diamondC5, upright triangleC6, inverted  that operate on the plateau region of the force-length curve
triangle C7, ellipse with dofT'1)

Number of Trials

Fig. 6 Polar plots of each mus- BIVENTER CERVICIS COMPLEXUS
cle illustrate the amplitude and

phase responses of that muscle

with respect to the drinker for

each trial collected in the sagit-

tal plane. Polar angles are iden-

tified on thetop left plot and

each of these values relative to -90°
drinker position are labeled on o
thetop right plot Muscle EMG

responses in each cat are nor-

malized to the largest response

of that muscle across all trials.

The muscle’s response is plot-

ted according to the amplitude

(incrementing outward from

the origin, with the outer cir-

cumference =1) and phase (po-

lar angle representing the phase OCCIPITOSCAPULARIS SPLENIUS CAPITIS RECTUS MAJOR
shift between muscle and
drinker) of the response
(squaresmale catcirclesmale
cat,diamondsandupright
crossedemale cat positioned
close to or farther from the
drinker, respectively}

lag up

i 0° peak down
¢ [
O g

lead p
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Fig. 7 Polar plots of each mus-
cle in the three cats illustrate
the amplitudes and phase re-
sponses of the muscle with re-
spect to the drinker for each tri-
al collected in planes 22.5° and
45° away from the sagittal
plane. Polar angles are the
same as in Fig. 5, and their val-
ues relative to drinker position
are labeled on th®p right

plot. EMG response amplitudes
are normalized to the largest re-
sponse of that muscle in each
plane 6quaresmale catgircles
male catdiamondgemale cat’

SPLENIUS CAPITIS
m}

4 O lag ear up
BIVENTER CERVICIS ©

Do
Left ear
down

Right ear
up

N

lead ear up

COMPLEXUS

o)

)

7N

OCCIPITOSCAPULARIS

o)

&

O
O

;g/

Y7

RECTUS MAJOR

"/

//
%

Table 1 Moment arms for a prone cat at peak up pos:tion We found that BIV, OCC, and SPL operated primarily
on the plateau region of their force-length curves. Thus,
the isometric force-generating capacity of these muscles
Skull-C1 C3-4 c7-T1 Varied little during the tracking movement. In contrast,
CPX operated along the ascending limb of the force-

Biventer cervicis 1.68 183 055 |ength curve. As the muscle shortened for vertebral

Muscle Moment arm (cm)

Complexus 1.19 0.91 a ; iti ; i -
Occipitoscapularis 114 5 46 504 alignments near peak up position in the tracking move
Splenius capitis 0.62 203 a- ment, the ability of CPX to produce force declined. This
Rectus capitis posterior major 1.63 a_ -a decline was particularly evident in the female cat, where

the force-generating capacity decreased from 10.2 to 4.9
N when the head moved from peak down to peak up dur-
ing the tracking movement. REC operated along the as-
are capable of generating similar forces throughout tending limb of the curve for the female cat and along
tracking movement. In contrast, for muscles operating thie plateau region of the curve for the other cats. In the
the ascending region of the curve, the force-generatingfeaale cat, REC could produce 2.5 N for vertebral align-
pacity would decline substantially as the muscle shortensnts near peak up as opposed to 5.1 N near peak down.
at vertebral alignments near peak up position. In the other cats, the force-generating capacity of REC

aMuscle does not cross this joint
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3 A muscles operated during the experimental tracking
8 os | movements. The 30° movement was performed at 0.25
2 06 Hz, so we expected force-velocity effects to be small. In-
g I deed, muscle velocities were always very small, so
Rl force-velocity effects were minimal. The muscle-tendon
E 02 Biventer Cervicis velocity of BIV, CPX, OCC, and SPL varied from 0.02
5 | | | to 0.07 fiber lengths per second. The muscle-tendon ve-
= locity of REC varied from 0.07 to 0.12 fiber lengths per
g second. These fiber velocities are much lower than 10 fi-
S o8 | / ber lengths per second, the maximum contraction veloci-
2 6 / ty for mixed muscle (Zajac 1989); such small velocities
s would produce less than a 10% change from isometric
[ force.
E 02 L Complexus
3 L I | : .

Discussion
8 — =
S o0s L With 30 muscles, seven joints, and input from at least
g four systems (vestibular, neck afferent, voluntary, and vi-
8 06 — sual), the head and neck should be able to accomplish a
T 04 L voluntary motor task through a variety of kinematic and
3 o2 L Occipitoscapularis muscle actions. This study attempted to determine
§ | | . whether length-tension characteristics or moment arms

of the neck muscles could completely explain the pat-
terns of muscle activation and joint displacement exhibit-

o _

§ os L / ed during voluntary head tracking movements.

% 06 |

§ 04 | Muscle activation patterns during voluntary

'EE 02 L Rectus Capitis Posterior Major head tracking

2 I I ' Considerable heterogeneity can be seen among the neck

3 _ =z muscles through differing Iengths, cross—sect_ipnal areas,

508 L tendon arrangements, and fiber-type compositions (Rich-

o mond and Abrahams 1975). Long neck muscles (e.g.

3 08 1— BIV, CPX, SPL) cross many cervical vertebrae and can

T 04 L generate torques around both the lower and upper cervi-

2 02 Splenius Capitis cal joints. BIV and CPX motoneurons receive similar in-

E | | | | puts from segmental and descending systems (Anderson

z 05 1.0 15 et al. 1977; Wilson and Maeda 1974), although they act
Normalized Length very differently in the alert animal (Keshner et al. 1992).

) ) _ _ Richmond et al. (1991) have divided the intervertebral
Flg. 8 Operatlng ranges of the five neck muscles on the |50m9§ﬁd SubOCC|p|ta| muscles into two groups: those that act

force-length curve estimated by the biomechanical model. T, .
thin curved linerepresents the entire force-length relation of t Etween the skull and C2, and those that link the verte-

muscle.Crossesndicate the point on the force-length curve corrddrae of C2 through T1. These investigators suggested
sponding to physiological resting posture. Model resutisid that the superficial suboccipital muscles (e.g., REC and
lines) are drawn for one male and one female cat. Biventer cemwbliquus capitis inferior) have a large proportion of fast

cis, occipitoscapularis, and splenius operated primarily around ;
plateau region. Complexus operated primarily along the ascendfl rs that would make them well suited for fast head

limb. Rectus capitis posterior major operated along the ascendilgvements. The deeper layer suboccipital muscles have
limb and plateau regic:n slower fibers. Thus the suboccipital system may serve to

both quickly orient and then hold a new head position.
The lower intervertebral muscles are not as well under-
varied from 4.3 to 5.1 N. These differences occurred ksood, but appear to act in heterogeneous groupings of fi-
cause the smaller female cat had greater joint angularlesr bundles. For example, the spinalis dorsi and semispi-
cursions than did the larger male cats (Fig. 4), thus, RB8lis cervicis have nonuniform distributions of slow and
and CPX had to operate over a greater range of lendgtst fibers and are tonically active during quiet sitting to
in the female cat. maintain vertical orientation of the cervical column. The
The biomechanical model also allowed us to examidissociation between the suboccipital and intervertebral
the portion of the force-velocity curve over which thmuscles (Richmond et al. 1992) and between the suboc-
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cipital REC and long neck muscles suggests that thesent arms and small yaw moment arms. The force-gen-
muscles might be targeted by different central mecteating capacity of BIV changed very little through the
nisms for selective recruitment during functional activiange of motion used in this task. Changes in force out-
ties. put were most probably modulated by changes in the
Each of the muscles in this study exhibited distinctiventral commands for this muscle’s activation.
spatial-temporal relations with the stimulus. Spatial acti-
vation patterns and temporal relations between each
muscle and the vertebrae was affected by the planeQatipitoscapularis
motion. Because the actions of each muscle had a dis-
tinctive character, they are presented below in individU@CC, a superficial muscle that extends beyond the cervi-
summaries. cal spine to attach to the scapula, has been identified pri-
marily as a horizontal plane actuator during voluntary
head tracking (Keshner et al. 1992). During pure sagittal
Complexus plane motion, OCC exhibited variable responses across
animals, although the force-generating capacity changed
CPX is a long muscle with moment arms that allow it teery little, and the pitch moment arms were similar in
raise and to roll the head. EMG studies have demonstrag&gnitude throughout the range of motion. OCC exhibit-
ed that CPX is active mostly in the roll (right-left-eared more consistent response phases across cats when the
down rotation) plane with a smaller response componéetad movement was out of the sagittal plane so that the
in pitch (flexion-extension), and that it is activated oppaovement contained some horizontal plane components.
site to its expected pulling direction (Keshner et al. 199&hile OCC has large moment arms in pitch (1.17-2.26
Richmond et al. 1992). In this study, CPX exhibitecin), it also has substantial moment arms in yaw
gualities of a roll muscle performing in the pitch plan€0.53—0.90 cm). OCC moment arms in pitch were
Some of the most consistent EMG responses across enanged little by movement away from the sagittal plane,
mals were observed in CPX, because it remained mo&ily moment arms in yaw increased as the head was
in phase with peak up position of the stimulus regardlessved away from the sagittal plane. Thus, OCC was
of the plane of motion. Although moment arms of CPXsed more consistently in movements out of the sagittal
about the upper (skull-C1), middle (C3-4), and lowgtane as the yaw moment arms increased.
vertebral joints (C7-T1) did not vary substantially over
the range of motion, the muscle’s ability to produce
force diminished as the head neared peak position 8plenius capitis
Thus, the activity of this muscle may have been in-
creased to compensate for its decreased force-generd®Rfy exhibited some of the most consistent responses
potential in the peak up position. within each animal, yet exhibited more variability be-
tween experimental animals. During voluntary head
tracking, the direction of maximal activation of this
Biventer cervicis three-compartment muscle was identified as roll with
pitch (Keshner et al. 1992), although the strength of acti-
In this study, EMG response magnitudes for BIV ination in either of these two planes varied between ani-
creased when the motion occurred in planes other thmaals. In fact, previous studies have distinguished SPL as
pure vertical (pitch), supporting previous observatiomscomplex muscle that can reverse its direction of maxi-
that BIV was maximally activated for movements comal activation across both animals (Keshner et al. 1992)
sisting primarily of pitch combined with roll and yawand humans (Keshner et al. 1989). During this series of
(right-left lateral rotation; Keshner et al. 1992; Wicklanexperiments, SPL was observed to respond in phase with
et al. 1991). This is consistent with our biomechanigaitch upward and downward motion. The force-produc-
model, which estimates that BIV has moment arms thiag) capabilities and moment arms of this muscle are very
contribute to motions in both pitch and yaw when tlemilar over the entire range of motion used in the track-
head moves out of the sagittal plane. Moment arms fog task, so these parameters would not be expected to
pitch were estimated by the model to be 1.76 cm abagtount for the large variation in the EMG responses.
skull-C1, 1.71cm about C3-4, and 0.61cm abotlhere was no evidence of EMG response phase or ampli-
C7-T1 when the head was at peak up and the moventedé differences in the different planes of motion, and
was in the sagittal plane. Pitch moment arms were sifiie calculated moment arms in yaw were comparable in
lar for movements in and out of the sagittal plane. Yanagnitude with those in pitch. We might infer from these
moment arms with motion in the sagittal plane at pesdsults that SPL response variability results from each in-
head up were estimated to be 0.01-0.08 cm. For motiividual nervous system selecting a unique contribution
in a plane oriented 45° out of the sagittal plane, yaw nud-this muscle to the tracking movement.
ment arms were estimated to be 0.28 cm at skull-C1,
0.24cm at C3-4, and 0.16 cm at C7-T1. Thus, for
movements in the sagittal plane, BIV had large pitch mo-
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Rectus capitis posterior major their phase relationships were so variable. The orienta-
tion of the cervical spine has previously been targeted as
REC is a short, suboccipital muscle that performs sol¢he parameter controlling the selection of specific syner-
in the pitch plane for head extension (Richmond et gic muscle patterns. Thomson et al. (1994) recorded
1991). Functionally, it appears that this muscle was cdrem deep and superficial muscles in the cat neck during
tinually acting to move the head about the upper cervita@ad-turning movements and found that some muscles
joint, as would be expected of a muscle with a consisried their activity levels when the neck was horizontal-
tently large moment arm about the skull-C1 joint. RE or vertically positioned. Other muscles exhibited the
exhibited its largest EMG response amplitudes in tekame activity in either position, leading these investiga-
sagittal plane. When performing in planes other than ségys to purport the presence of both a varying and an in-
ittal, however, REC responses were poorly defined. Thisriant synergy in the neck. The two groups of muscles
is reasonable considering the small moment arm of RE€med to be separated into those that were more super-
in the other planes of motion. The moment arm of RHiCial and attached to the lambdoidal crest (invariant) and
about skull-C1 is 0.35cm in the horizontal plane arkose that were lateral and caudal and attached interver-
0.32 cm in roll when the head is at the top of the trackiteprally or on to the scapular (variable). The variable
motion, whereas pitch moment arms are 1.7 cm for peglnergy was assumed to reflect the changing lever arms
head up. Thus, REC was used primarily in the sagittdlthe muscles with changes in body position.
plane, where it had a consistently large moment arm. In this study, we have recorded from three of the mus-
In summary, BIV, REC, and OCC produced peaites identified as invariant (i.e., SPL, CPX, and BIV) and
EMG activation at times when they had large momeuoiserved very different results. SPL in particular exhibit-
arms and were operating on the plateau region of thedr large differences between animals, as were observed
force-length curves, which gave them a mechanical ad-another study of intact cats during voluntary head
vantage to assist the movement. Conversely, CPX did tratking (Keshner et al. 1992). CPX and BIV were rea-
produce peak EMG activation when it had large momesttnably consistent across cats in the sagittal plane, but
arms, because it was operating on the ascending regios consistency did not carry over to the other planes of
of the force-length curve with a reduced capacity to pnmotion. In some cases, the differences in muscle activa-
duce force. SPL had highly variable EMG responses thiah patterns were explained by changes in muscle mo-
were not easily characterized by its muscle moment amment arms or force-generating potential. In other cases,
or force-producing capacity. The ability of the muscléowever, differences in muscle activation patterns were
to produce force varied little as the head and neck mowdxserved without changes in muscle moment arms or
through the tracking path, and their force-producing darce-generating potential. We conclude that the mo-
pability was mostly similar for the three cats. The effeatsent-generating potential of a muscle is only one of the
of the force-velocity property were also minimal. Fordactors that influences the patterns of muscle activation.
generated by these muscles must, therefore, be modBatection of muscle strategies could depend on the
ed by their excitation patterns rather than by their intrimovement dynamics, afferent feedback, or central con-
sic properties. trol (Tax et al. 1990), where the muscle activation pat-
terns reflect differing solutions to Bernstein's (1967)
problem of redundancy. Certainly, all of the signals to
Mutability of musculoskeletal motion which the CNS attends when switching between muscle
actuators while still maintaining vertebral consistency
Differences in the phase relations between the vertelaed yet to be determined.
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