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Corneil, Brian D., Etienne Olivier, Frances J. R. Richmond, Ger-  operating on a complex multiarticular linkage endowed with
ald E. Loeb, and Douglas P. MunozNeck muscles in the rhesussybstantial inertia (Richmond and Vidal 1988; Winters 1988).
monkey. Il. Electromyographic patterns of activation underlying pog,qo design and interpretation of experiments on such a system

tures and movement3.NeurophysioB6: 1729-1749, 2001. Electro- requires knowledae of its structural elements. which is bro-
myographic (EMG) activity was recorded 112 neck muscles in q 9 ’ P

four alert monkeys whose heads were unrestrained to describe Yif&ed in the companion paper on muscle morphometry (Rich-
spatial and temporal patterns of neck muscle activation accompanyiig@nd et al. 2001).

a large range of head postures and movements. Some head postur&hronically indwelling electrodes in animals provide the
and movements were elicited by training animals to generate gaggportunity to assess reliably electromyographic (EMG) activ-
shifts to visual targets. Other spontaneous head movements Wai§n muscles not accessible in humans. Studies in human neck
made during orienting, tracking, feeding, expressive, and head-sh iscles have generally relied on surface EMG from large,

ing behaviors. These latter movements exhibited a wider range 0 tivel ficial | D dz ister 1998
kinematic patterns. Stable postures and small head movements of SRtively superficial muscies (Dee an angemeister '

a few degrees were associated with activation of a small numbertéinnaford et al. 1985; Keshner et al. 1989; Mayoux-Ben-
muscles in a reproducible synergy. Additional muscles were recruits@mou and Revel 1993; Mayoux-Benhamou et al. 1997,
for more eccentric postures and larger movements. For head moZengemeister et al. 1982) or percutaneous EMG from only one
ments during trained gaze shifts, movement amplitude, velocity, agfl two muscles whose identities can be hard to determine
acceleration were correlated linearly and agonist muscles were frayoux-Benhamou et al. 1995). A broader range of muscles
cruited without antagonist muscles. Complex sequences of recipr gk/e been studied previously in cats (Keshner 1994; Keshner et

bursts in agonist and antagonist muscles were observed during very e ; )
brisk movements. Turning movements of similar amplitudes thQ[‘ 1992; Richmond et al. 1992; Thomson et al. 1994, 1996;

began from different initial head positions were associated with syé/ilson et al. 1983), but the differing features of feline head-
tematic variations in the activities of different muscles and in theeck structure potentially limit the applicability of these results
relative timings of these activities. Unigue recruitment synergies wet@ primate studies. Previous studies in monkeys have recorded
observed during feeding and head-shaking behaviors. Our resylisck muscle EMG in a few neck muscles or during a restricted
emphasize that the recruitment of a given muscle was generallypset of head movements (Bizzi et al. 1971; Le Goff et al.
ord_ered and consistent but that strategies for coordination am 2; Lestienne et al. 1995, 2000). However, little systematic
various neck muscles were often complex and appeared to depen ﬁj?d to date has focused on the relationships between simian
the specifics of musculoskeletal architecture, posture, and movem% y . . . _p .

kinematics that differ substantially among species. ead kllnematlcst and neck muscle activation during a more

extensive sampling of neck muscles and head movements.

In this study, the spatial and temporal patterns of EMG
activity were examined in a large number of neck muscles in
monkeys free to move their heads. Head postures and move-

Much work on simian head movement has focused on orments were generated either in a trained protocol requiring
enting behaviors (e.g., Crawford et al. 1999; Freedman agdze shifts to visual targets or were generated spontaneously
Sparks 1997) in an effort to extend work done on saccadic egering orienting, tracking, feeding, expressive, and head-shak-
movements in head-restrained preparations. Studies of the $ag- behaviors. The inclusion of the latter head movements
cadic system usually employ saccades themselves as an indereased the range of kinematic patterns beyond those which
of the underlying neural events and kinetics because the nagcompanied trained gaze shifts.
chanics of this system are relatively intuitive. In contrast, head Some results have been reported previously in abstract form
movements are generated by more than two dozen musd@srneil et al. 1996, 1999).

INTRODUCTION
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METHODS Experimental procedures

Surgical and training procedures Prior to EMG recording, the monkey was placed in a primate
restraining chair designed to permit unrestrained head movements.
Four male monkeysMacaca mulatta)veighing 5.4-9.1 kg were Monkeys landf were placed in a commercially available primate chair
used in these experiments according to procedures approved by (Best Instruments), modified to allow attachment of a body harness
Queen’s University Animal Care Committee and the guidelines of tiwhich permitted approximately45° of trunk rotation in the horizon-
Canadian Council on Animal Care. Each monkey underwent twWal plane.Monkeys zandr were placed in a custom-made primate
surgeries. In both, anesthesia was induced with ketamine hydroctibair that permitted the monkeys to be tethered to the chair via a
ride and maintained with isoflurane. Antibiotics were administeregstomized primate vest (Lomir Biomedical). This arrangement was

pre- and postoperatively, and anti-inflammatories and analgesics wé@e effective at preventing trunk rotation (estimated tof0°)
administered postoperatively. without restraining the head or neck. We saw no evidence that patterns

In the first surgery, eye coils were implanted subconjunctivall§f EMG activities differed in the two chairs, but a wider range of the
(Judge et al. 1980) to monitor gaze (eye-in-space) position (Fuchs &¢&d positions was typically achieved when using the custom-made
Robinson 1966), and a head post was attached to the skull by wayEBair- ) ) ) )

a dental acrylic pedestal that also held the leads and connectors>Pontaneous sessiongre recorded imonkeys,|f, andzin which
Monkeys were trained on oculomotor tasks (see following text) prigelitional head movements were generated during a variety of orient-
to the second surgery. In the second surgery, chronically indwellift, tracking, feeding, or expressive behaviors in a well-lit room.
EMG electrodes were implanted in neck muscles using a similaXperimenters in the room encouraged head movements by displaying
approach to that described in cats (Richmond et al. 1992). Mus&@d, verbalizing, or hand-waving; desired movements were rewarded
layers were separated from the dorsal midline raphe to gain acces¥id food and verbal praise. The animals appeared to behave normally
the cleavage planes between muscles. Up to 12 muscles in e@Bf showed no signs of stress. o

monkey were implanted using bipolar epimysial patch electrodes orMonkeysz and r worked intrained sessionsn a dark, sound-
bipolar intramuscular hook electrodes (Table 1). Full details of tidtenuated room, performing an oculomotor task in which they had
electrode design have been described previously (Loeb and GRASN trained previously. Stimuli consisted of 60 light-emitting diodes
1986). In both, the recording contacts were 3 mm long, separated(b{Ds) arranged at the front and both sides of the monkey, spanning
~3 mm and were oriented perpendicularly to the long axis of tH0° to the right and left of center, and 45° above and below center. To
muscle fiber fascicles. Some muscles implanted with intramuscuf&geive a liquid reward, the monkey had to fixate the central LED for
hook electrodes were shielded from the potential cross-talk of adfa>00 ms, look to one of eight randomly selected peripheral LEDs
cent muscles by suturing Silastic sheeting to the overlying fasclAUminated as the central LED was extinguished, fixate the peripheral
Muscle layers were approximated with a midline closure. A grourld=D for =500 ms, look back to the central LED illuminated as the
wire consisting of a single, partially bared loop of Teflon-coatederipheral LED was extinguished, and fixate the central LED for
multistranded stainless steel was stitched to subcutaneous fascia. 880 ms. The locations of the eight peripheral LEDs were varied
leads from all implanted electrodes were tunneled subcutaneouslp&ween blocks, allowing a considerable range of head postures and
the acrylic skull pedestal and soldered to multipin connectors. By thentrifugal (away from midline) and centripetal (toward midline)
second or third postoperative day, all animals appeared to be makiigvements to be obtained over several days.

normal head movements.

. Data collection and analysis
TABLE 1. Recorded muscles and abbreviations y

A flexible ribbon-cable that did not interfere with head movements
Monkey Monkey Monkey Monkey linked the EMG connector(s) to the signal processing electronics. The

Muscle | f z r signal-processing architecture used foonkey Iwas different from
) o that used for the other monkeys. Briefly, all EMG signalsrfamkey
Obg‘glu s capits Inferior | LR | | | were amplified differentially, bandwidth filtered (100-5,000 Hz) and
s (0Ch » ' ' ' recorded on an FM tape recorder. Segments of interest were rectified
plenius capitis (SP cap) LR LR Xr I'r . . . b
Complexus (COM) LR L r It and integrated into 3.3-ms bins and digitized at 3.3 ms (see Thomson
Obliquus capitis superior et al. 1994 for details). Sessions fmonkey lwere videotaped at 60
(OCS) Lr fields/s using two shuttered cameras placed above and to one side of
Longissimus capitis (LONG the monkey, allowing estimation of the position of the head on the
cap) IR body.
Sternocleidomastoid (SCM) Ir r For monkeys,fz, andr, digitized signals of the EMG activity and
Biventer cervicis (BC) L r IX " the gaze (eye-in-space) and head (head-in-space) positions derived

Rhomboideus capitis (RH
cap) LR |
Rectus capitis posterior major

from the magnetic coil system were recorded simultaneously. The coil
system (CNC Engineering) yokes the two horizontal fields together,

(RCP maj) X I I'r hence the relationships between induced current and horizontal coil
Trapezuis (TRAP)* L I position was linear over a range a@0° from center. The search coil
Atlanto-scapularis anterior and a tube for the fluid reward were secured to the head pedestal and

(AS ant) I did not interfere with normal head movements or vision. The EMG
Atlanto-scapularis posterior ribbon-cable led to preamplifiers and low-pass filters (MAX274 inte-

(AS post) | grated IC filter,f, = 8 kHz, roll-off = 24 dB/octave, Maxim Elec

tronics) that filtered out the coil frequencies. Data were then fed into
N Analog Preprocessor and Timer (Aztec Associates) that enabled

excluded from analysis because of electrode failure. Upper case letters de ﬁ@pu_teppmgf‘%mmab'e am_p!n_‘lqatlon, fllterlpg (10.0' to 5‘000.'HZ
muscles that were implanted with patch electrodes, lowercase letters dergf@dwidth), rectifying and digitizing of the signals into 2-ms bins.

muscles that were implanted with intramuscular hook electrodes. See tae amplification was adjusted for different channels to yield a
companion paper (Richmond et al. 2001) for morphometric descriptions Bfaximal peak-to-peak output voltage % V. The amplitudes re-
these muscles. * The rostral-most compartment of TRAP was implanted. ported here correspond to raw EMG signals witi0 times larger

The side of the implanted device is designated by either L or | for le
muscles and R or r for right muscles. X or x indicates a muscle that w:
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Fic. 1. Electromyographic (EMG) patterns in 4 muscles whose activity varied with different turned postures. Records are
obtained from trained sessionsrmonkey ZA) and spontaneous sessionsrionkey {B) over a range of postures turned to the left
or right. Each record is 500 ms long. SP cap, spleniud capitis; OCI, obliquus capitis inferior; RCP maj, rectus capitis posterior
major; SCM, sternocleidomastoid. The R or L in front of each muscle abbreviation denotes the right or left muscle, respectively.

peak-to-peak amplitudes (Bak and Loeb 1979). Bins with amplitudpssition to which both horizontal and vertical planes were referenced
=5 pV were assumed to represent noise; this value was generalycurred when the monkey’s head was pointed straight ahead without
used as a limit below which the muscle was classed as silent and datdination or declination, such that the search coil mounted on the
points were excluded from correlation analyses. The EMG signals ameld, and hence the frontal plane of the head, was oriented parallel to
the horizontal and vertical gaze and head position signals were ditfie front panel of the coil frame.
tized at 500 Hz with a Pentium computer running a real-time dataWhen appropriate, the temporal aspects of the EMG signals in
acquisition system (REX version 5.4) (Hays et al. 1982). The behaaeme muscles were determined by quantifying the time of activa-
ioral sessions fomonkeys,fz, andr were videotaped using a singletion and silencing. Although no strict quantitative criteria were
infra-red camera in conjunction with an infra-red light source, symssed, sudden changes in EMG activity levels were easily delin-
chronized by a software-controlled trial counter placed in the carmated. To quantify the magnitude of the EMG response during
era’s field of view. stable postures, the EMG signal was averaged over the duration of
Behaviors of interest from spontaneous sessiomsnkeys,If, and the postural segment. To quantify EMG response magnitude during
2) were selected by inspecting the videotaped sessions. In the traihedd movements, the EMG signal was first smoothed with a 50-ms
sessionsrgonkeys andr), analyses were performed only on correctunning average (i.e#25 ms from the point under consideration),
trials. Segments or trials in which the monkey adopted a postwselected because it approximates the dynamics of muscle-force
unsuitable for these experiments (i.e., head resting on neck platedevelopment and reduces the variability arising from the stochastic
torso twisted away from the frontal plane) were not analyzed. Headture of the EMG signal (Loeb and Gans 1986). EMG response
velocity and acceleration traces were obtained by differentiation anthgnitude was quantified by taking the peak of this smoothed
double-differentiation, respectively, of position signals. The onsesggnal over a period ranging from 75 ms before movement onset to
and offsets of orienting head movements were determined when the time of peak head velocity to capture an estimate of the EMG
head velocity crossed a 10°/s threshold. The onset and offsetcontributing to the accelerational torques required to produce the
translating or torsional movements were determined by examining tiievement. For very transient EMG signals during rapid head
videotaped sequences along with the head position signals. The “zaradvements in which this method was inappropriate (e.g., bursts in
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FIG. 2. Correlation of mean EMG activity with eccentricity of turned postédcedata for 5 muscles frormonkey Zrom trained
sessions: R-SCM, L-RCP maj, L-OCI, R-OCl, and R-SP cap. [paaftin A plots the level of EMG activity averaged over a single
stable postural segment (duration range, 250-950 ms; mean, 410 ms) as a function of the eccentricity of the turned posture. Points
with mean EMG values<5 pV are not shown since such values were associated with negligible muscle recruitmentA-andn
B, statistically significant® < 0.05) linear regression lines for the points shoBncomposite plot of the regression lines for
muscle activities related to the eccentricity of turning for all monkeys using data obtained from trained seseittey$ and
r) or spontaneous sessiomsdnkeys andf). The regression lines for muscles related to leftward turned postures have been flipped
to allow for comparison with muscles related to rightward turned postures so that positive values on the abscissa represent the
preferred direction of the muscle. Only turned postures in which the head posture in the vertical plane was i@thof vertical
center were included.

Fig. 6), the magnitude of the EMG signal was obtained by intavhere appropriate, we identify idiosyncratic observations to

grating the area under the EMG curve, without smoothing.  distinguish them from the more general patterns. We present
Overall, we analyzed a total of 1,053 postural segments (110 frqm\G patterns associated with postures and movements in the

monkey 167 frommonkey f670 frommonkey 7206 frommonkey), - horizontal plane, postures and movements in the vertical plane,

2,311 movement segments (359 fromonkey f1,811 frommonkey z - - .
131 frommonkey J, and 70 complex segments composed of multiplgnd during forward translations or vigorous head shakes.

movement phases (i.e., head shakes, translations, feeding behaviors,

etc.; 57 frommonkey f 13 from monkey ¥ Movement data from EMG activity during postures or movements in the

monkey lwere not analyzed quantitatively, but movements weigqgrizontal plane

inspected to ensure that the EMG patterns were qualitatively similar to

results from the other monkeys. For the sake of simplicity given thi&JRNED POSTURES. All monkeys frequently held their heads in
number of recorded muscles, analyzed data from a given muscle mnmed postures. The eccentricity of head postures analyzed here
presented only if that muscle served as an agonist or antagonist tOrt’mged up ta=70° from center fomonkey z+60° for monkey f

posture or movement in question. +50° for monkey y and £40° for monkey | EMG activity was
negligible in all recorded muscles when the head was held at the
RESULTS central “zero” position and when the head was turned away from

the preferred direction of the muscle. Modestly turned postures

All monkeys held a variety of postures and generated hea®0° from center were associated with consistent activity only in
movements during either spontaneom®(ikeys,If, andz) or the ipsilateral suboccipital muscles obliquus capitis inferior (OCI)
trained (monkeys andr) sessions. It was impossible to obtairand rectus capitis posterior major (RCP maj) (FigA andB, 3rd
perfectly comparable records from monkey to monkey becaumad 4th column Larger turned postures20-50° from center
different muscles were implanted (Table 1), but consistewere associated with stronger activation in the ipsilateral suboc-
patterns of neck muscle activation were observed across nuipital muscles, and a lower level of activity in ipsilateral splenius
tiple segments and monkeys. To illustrate this point, mosapitis (SP cap; Fig. 1A and B, 2ndand 5th columny These
figures display multiple postures or movements frmonkey z same ipsilateral muscles were activated strongly in extreme pos-
and one of eithemonkey for r. Small differences were oftentures >50° from center, and sternocleidomastoid (SCM) con-
seen in the activities of muscles from one sequence to the nésdjateral to the side of turning also became active (Fig\ dnd

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg
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B, 1st columh The EMG activity during turned postures was Trained horizontal movements, Monkey z
usually<50 uV/bin for the suboccipital muscles art20 w\V/bin A ot 90 dec B
for the larger muscles, although these values were exceeded at 20 deg left, 90 deg/s 60 deg, 375 deg/s

|
extreme postures. _r\i'

We computed the mean level of EMG activity during stable Hho | :
postures from either trained sessiomsofkeys zandr) or ' ' '
spontaneous sessionaignkeys landf). Figure 2\ illustrates !\/———-—4' '
the results of this analysis fononkey zSome variability in the dHh

EMG levels in Fig. ZA may be related to small trunk or
shoulder rotations or torsional head rolls, which could alter the _ ., !

head-re-body position without altering the position of the head W
coil in space. The suboccipital muscles (FigA, 2niddle 3

column$ were recruited consistently when the head was held--RCP maj
only a few degrees away from center. Activation in ipsilateral

SP cap (Fig. &, rightmost columnand contralateral SCM L-oCl
(Fig. 2A, leftmost columywas observed in progressively more

. mool L .
eccentric head positions. Similar patterns of neck muscle acti- R-OCI ﬁ_i ,

vation were observed in the other monkeys (FiB).2 R-SP cap

TURNING MOVEMENTS. Muscle recruitment during trained ses- e 200 ms
sions.The same muscles active during turned postures (OClI, Trained horizontal movements, Monkey r

RCP maj, SP cap, and SCM) were recruited synchronously C D

~10-50 ms before head movements during trained gaze shifts 15 deg left, 60 deg/s 40 deg left, 190 deg/s

(Fig. 3). Suboccipital muscles OCI and RCP maj were active — . !
during small turns (Fig. 37 andC), and the larger muscles SP Hho | i ||2°dec
cap and SCM were additionally active during larger turns (Fig. dHh '—"\..,———1, ' . I|mdm

3, B andD). Occasionally, this initial activation was a phasic I |
burst followed by lower tonic levels typical of the posture held L-SPcap W
at the end of the movement (e.g., Fig.A8andC); in other
segments, no distinct phasic burst was apparent (Fig.ahd L-RCP mai
D). Antagonist muscles whose mechanical turning actions™ —
were away from the turn were essentially not recruited (Fig. 3).
Centrifugal head movements generated during trained ses- L-oci
sions were characterized by close linear correlations between .
movement amplitude, peak velocity and peak acceleration (Fig. o & | I i I
4, A and B for monkey z C and D for monkey }. The J . t t
relationship between amplitude and velocity, the head “Mairf-RCP Mai Liskmmismmumstimmnis N POV
sequence” (Fig. 4A and C), is commonly observed during  g.gp cqp ‘ 'I W 51 i '|2°“"
head movements generated during orienting gaze shifts (Freed- e ee—
man and Sparks_ 1997; Zangemels'ter etal. 198.1)' These .km%_e. 3. Horizontal head position (Hh) and velocity (dHh) traces, and EMG
matic relationships were reflected in the close linear relatiofsterns frommonkey ZA andB) andmonkey r(C andD) during 4 leftward
ship of the EMG activities of agonist muscles to the peakiming movements. All data are obtained from head movements generated
velocity (and hence also to the amplitude and acceleration)dyfing trained ses§iqns. Thick solid lines on the EMG traces denote the
the head turn (Fig. 5). The sequence of muscle recruitment vﬁ%’theq EMG activity averaged ove25 ms (seaiETHODS); peak levels of
- D . activity for later analyses are derived from this smoothed activity.
qualitatively similar to th?'t, observed for progresswely_ Iarggfertical dashed lines in each figure delineate the onset and offset of each turn.
turned postures: suboccipital muscles were preferentially ac-
tive during small slow turns, whereas larger, multiarticulegjualitatively similar to that which accompanied head move-
muscles became active additionally during larger faster turmgents during trained gaze shifts: agonist activity was present in
(monkey zFig. 5, A—F, monkey r G). the absence of antagonist activity. In contrast, during the very
Muscle recruitment during spontaneous sessitrgrained abrupt movements in Fig.Bsthat depart markedly from the
head movements generated during spontaneous sessions (kinematic relationships shown in Fig. 4, EMG activities had
keys | f, andz) exhibited a broader range of kinematics, witleciprocally phasic profiles in which the initial phasic burst of
more dissociation between amplitude, velocity and accelethe ipsilateral agonist muscle was followed some 30-50 ms
tion, permitting us to identify spatiotemporal features of EM@ter by a phasic burst in the contralateral antagonist muscle.
recruitment associated with movements of varying kinematia@Sommonly, the reciprocal agonist and antagonist bursts
The 16 movements displayed in Fig. 6 were all obtained froatlopted a triphasic or multiphasic profile of multiple bursts as
spontaneous sessions and contrast the activation of agonistttied head settled into the turned posture (eand to 4th
antagonist OCI muscles. This figure is organized to facilitatelumnsin Fig. 6B, 1stand 3rd columnsof Fig. 6D). These
the comparison of movements with similar amplitudes bgubsequent bursts were not easily related to movement kine-
different dynamics for two different monkeys. The EMG actimatics.
vation for the regularly paced movements in FigA @as The magnitude of the initial agonist and antagonist bursts

b lsouv

ISO uv

200 ms
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related well to the dynamics of the head movement. FigureFj and centripetalrhonkey zFig. 8, C andD; monkey fG
guantifies the area under the EMG burst in the agonist aadd H) head turns, matched approximately for size and
antagonist OCI muscles as a function of the peak acceleratgpeed but starting from different initial head positions. Syn-
of the head during spontaneous sessions compared with ¢heonous activation in ipsilateral agonist muscles preceded
accelerations observed during regularly-paced movemetiie onset of centrifugal turns (Fig. &, B, E, andF). In
(Fig. 7, gray regions). For each vertical line in Fig. 7, theontrast, a distinct spatial and temporal EMG activation
lengths above and below the dashed zero line denote Hexjuence was observed during centripetal turns. First, cen-
magnitudes of the agonist and antagonist bursts, respectivétipetal movements were preceded by silencing of the ton-
for a given movement. Large bursts in the antagonist musdtally active contralateral muscles that contributed to the
only accompanied head movements that accelerated faster timéial eccentric position (Fig. 8C, D, G, andH). Second,
regularly paced head movements and increased progressiagdtivation in ipsilateral atlantoscapularis anterior (AS ant)
in magnitude for movements accelerating at more thgmeceded or was synchronous with the start of centripetal
~3,000°/2. Not surprisingly, agonist muscle activity accomturns (Fig. &; this muscle was only implanted monkey y.
panied all head movements and increased in magnitude Kotably, AS ant was rarely active during centrifugal turns
faster movements. Similar relationships between agonist afdg. 8A) and was not active during turned postures. Third,
antagonist burst magnitudes and head acceleration were attivation in ipsilateral OCI occurred only just before or
served in RCP maj, SP cap, and SCM. slightly after the onset of centripetal turns but was delayed
Centrifugal versus centripetal turning movemeritse spa- relative to the time of onset for centrifugal turns (Fig.G,
tiotemporal patterning of neck muscle activation varied n@, G, andH). Fourth, a burst in ipsilateral SP cap lagged the
only with the size and dynamics of the turn, but also with thieurst in ipsilateral OCI by up to 50 ms or more (Fig.[3,
initial position of the head. Figure 8 compares represent@; andH).
tive centrifugal (honkey zFig. 8, A andB; monkey fE and We studied systematically the temporal sequences of
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EMG activity during trained gaze shifts, Monkey z
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Fic. 5. Relationship of EMG activity to peak head velocity during traine@ctivation of all muscles when the head was held in an inclined
centrifugal, horizontal gaze shifts monkeys £A-F) andr (G). Data obtained posture seldom exceeded p¥/bin.
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between the activation of ipsilateral OCI relative to the
silencing of contralateral OCI (Fig. ¢ andD). The more
eccentric the initial head position, the greater the lead of the
burst in ipsilateral AS ant (Fig.B) and the greater the lag
of ipsilateral SP cap activation (FigFYrelative to the burst

in ipsilateral OCI. Although the relationships shown in Fig.
9 were somewhat variable (perhaps due to small body or
shoulder rotations or torsional head rolls), all were signifi-
cant at theP < 0.05 level.

EMG activity during postures or movements in the vertical
plane

VERTICAL HEAD POSTURES. All monkeys held their heads in
different vertical postures, but the range of postures varied.
Monkeys fl, andr held vertical head postures ranging from
30° in inclination to 20° in declinationMonkey zheld a
wider range of postures from 55° in inclination to 50° in
declination. The analysis of head postures in the vertical
plane was more difficult than in the horizontal plane because
some muscles active in vertical postures were also active in
turned postures (e.g., RCP maj, SP cap, and SCM). Further,
our implantation regime was not identical in all monkeys,
hence we occasionally report results obtained from only one
monkey.

In all four monkeys, very little activity was recorded
when the head was in the central position (Fig. B0d
column; the R-OCI activity in Fig. 18 is due to a small
rightward turn). Complexus (COM) became increasingly
active as head inclination increased, whereas biventer cer-
vicis (BC), which lies immediately medial to COM, did not
display strong tonic postural activity related to head incli-
nation (Fig. 1@, 1stand 2nd columi. Obliquus capitis
superior (OCS,monkey lonly) and RCP maj (Fig. 18,
monkeys zandr) were also recruited when the head was
inclined modestly. Rhomboideus capitis (RH cap) was re-
cruited with increasing head inclination in monkéyFig.
10B, 1st and 2nd columi but not monkey z(data not
shown). SP cap (3 monkeys) and AS antofikey zonly)
also became increasingly active at progressively larger an-
gles of inclination (Fig. 10A andB). OCI was recruiteanly
at extreme angles of inclination (Fig.A01st columh Maximal

ltes varied between animals but generally included low

each trial vs. peak horizontal head velocity. The EMG activity was smooth@§tivity levels in at least one hea_ld extensor muscle. In
as shown in Fig. 3, and the peak EMG activity was taken from the periesionkey zbut notf, SCM was recruited for declined head

extending 75 ms before movement onset to the time of peak head velocity (pRestures (Fig. 1A, 4th columnthe L-OCI and L-RCP maj

METHODS). The regression lines for each muscle are summarized for

monkey zand inG for monkey r

activity was due to a small leftward turn). COM, but not BC,
was active more consistently for declined posturesnion-

EMG activity depending on initial head position monkey key zbut notf (Fig. 10, 4th column. The only muscle in

z, which generated enough similarly sized turns from difmonkey fthat showed any activity related to the degree of
ferent initial head positions to permit analysimmdgnkey did head declination was the rostral compartment of left trape-
not contribute enough data to permit a similar analysiszius (TRAP, Fig. 18, 4th colum, but this pattern was not
Figure 9 plots the relationships between the time of activabserved for TRAP irmonkey Znot shown). Thus recruit-
tion or silencing of EMG activity and the onset of the turnment patterns for declined postures were consistent within
as a function of initial horizontal head position. Activatiorbut not across monkeys, perhaps due to the differences in
in ipsilateral OCI was delayed progressively relative to thihe magnitude of the declined postures.

onset of the turn when turns began at more eccentric initialAn attempt was made to construct a plot similar to Fig. 2
positions (Fig. 9A andB). This resulted in an increasing lagfor postures in the vertical plane using data from trained
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A Regularly-paced horizontal movements, Monkey z
30 deg, 200 deg/s 55 deg, 350 deg/s 65 deg, 400 deg/s 90 deg, 450 deg/s
2000 deg/s? 4000 deg/s2 4000 deg/s? 6000 deg/s?
Hh _N_ El 50 deg
dHh —l'\/r W |500 degls
l |
ddHh  ~ ™ "—w\_,a/w" "'—r\,f\'w | 10000 deg/s?
| ! §
L-OCt Y ‘ '
(agonist) | | 50 WV
I ]
R-OCI 50 uV
(antagonist) 4 desd L —'—4 |
200 deg/s 200 deg/s
B Brisk horizontal movements, Monkey z
30 deg, 400 deg/s 55 deg, 800 deg/s 70 deg, 900 deg/s 95 deg, 1000 deg/s
12000 deg/s® 21000 deg/s? 40000 deg/s? 22000 deg/s?
Hh t ! i 5 '
50 deg
I | |
dHh
500 deg/s
ddHh | 0 20000 deg/s?
¥ H H H i
|
L-OCI d 1
(agonist) } I 50uV
R-OCi
(antagonist) ] I souv
200 deg/s 200 deg/s 200 deg/s 200 deg/s
C Regularly-paced horizontal movements, Monkey f
15 deg, 150 deg/s 20 deg, 90 deg/s 40 deg, 150 deg/s 60 deg, 350 deg/s
2000 deg/s? 1500 deg/s? 4000 deg/s?® : 5500 deg/s?
} | | | | i
i i i i £ 0 40 deg
e — —4/1_
dHh __E/_\! | | l ] J\A—‘ |250 deg/s
ddHh W M.—-\,.J M wJ/\/\/V,.(\.aJlmooodeg/g

R-OCI

L-ocl ] Has v
(antagonist)

lf

200 ms 200 ms 200 ms 200 ms
D Brisk horizontal movements, Monkey f

15 deg, 300 deg/s 20 deg, 270 deg/s 40 deg, 850 deg/s 50 deg, 800 deg/s
|10000 de?/sz 7?00 deg/s? | 24l000 deg/s? l2:3000 deg/s?

Hh_;__/'_'—_ [ t 1 i |40deg
I —_— |
|
I i
| | |
| | |
R-OCI s i ¥ 1 1 i
3 | | | J | |
{agonist) _.J_Ll.ul 1oouv
| i
L-ocl | | | | | | [
(antagonist) { 3 i 3 - | P «|100“V

200 ms 200 ms 200 ms 200 ms

N | 20000 deg/s”

FIG. 6. Horizontal head position (Hh), velocity
(dHh) and acceleration (ddHh) traces, and EMG pat-
terns for 8 movements from eachrabnkey ZA andB)
andf (C and D) during regularly pacedA and C) or
brisk horizontal B andD) movements. Same format as
Fig. 3. All 16 head movements are derived from spon-
taneous sessions. The terms “regularly-paced” or
“brisk” refer to head movements that are either kine-
matically similar or very different, respectively, to the
trained head movements shown in Fig. 4. The figure is
organized to enable comparison of approximately am-
plitude-matched movements. Thus the movemenss in
are comparable to the movements in the same column
in B for monkey zas are the movements in the respec-
tive columns ofC andD for monkey fNote the differ-
ences in the phasic nature of the profilesBrand D
compared with the respective movementsAiand C.
Note as well that the time scale can differ for each
movement, as do the scale bars for the kinematic and
EMG signals.

sessions inmonkeys znd r. However, the range of headHEAD MOVEMENTS IN THE VERTICAL PLANE. Muscle recruit-
postures spanned only20° in the vertical plane becausement during trained sessionBigure 11 shows four inclining

monkeys tended to use eye movements more than hdeéd movements and three declining head movements gener-

movements to fixate targets spanningl5° in the vertical ated bymonkeys andr. For larger inclining movements (Fig.
plane (see Freedman and Sparks 1997). This range vtdsA andE), moderate synchronous activation in COM and
insufficient to provide a definitive plot of muscle activatiorBC preceded the onset of the inclining movementi0—-40
versus head position in the vertical plane, particularly givens. Peak activation of these muscles during inclining move-
the confounding dependency of EMG activity with turnednents never exceeded p¥/bin. The activity profile consisted
postures in some muscles. of an initial phasic component in both muscles, followed by a
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A Horizontal movements for Mankey z in monkey J. Activity in this muscle rarely exceeded 10
0e: 1040 ceg et wV/bin and appeared only during declining movements larger
than 10-15° (Fig. 1@). No activity was observed in the
antagonist muscles (COM and BC) during declining move-
‘l ments (Fig. 11C, D, andG).

»
3

N
S

Like horizontal movements, the kinematics of vertical head
movements during trained sessions displayed a “main se-
guence” relationship between peak head velocity and ampli-
tude and a linear relationship between peak acceleration and

Integrated EMG
activity (uV/bin)
8 o

S
]

o dr vt peak velocity (Fig. 12A, B, and G). Muscles tended to be
e V":"ems f;:”;"on::“: oo recruited in proportion to these kinematics and only for direc-
B O ange: 40.70 deg laft tions in which they could contribute positive work: COM and

E

804 Agonist (L-OCI)

”JLJJiT

20

BC were active during inclining head movements, and SCM
was active during declining head movements (Fig.Q-2; and
H).

Muscle recruitment during spontaneous sessidite spa-
=M tial and temporal recruitment patterns of EMG activity during
both inclining and declining movements in spontaneous ses-

Integrated EMG
activity (uV/bin)

s0] Antagonist (R0 sions were affected by the more variable movement kinemat-
a0 \ ics. There were not enough similarly sized movements of
T o e e PO different dynamics to permit a quantitative analysis similar to
C Horizontal movements for Monkey 1 that shown in Fig. 7, hence we present the EMG.patterns frpm
0 | 210% 10:90 iGN representative examples of head movements in the vertical
s0] Aganis RioCH plane and discuss the features that were common to movements
of 0 of varying kinematics (Fig. 13). As with trained movements,
g ©1 | slower inclining movements were preceded by moderate bursts
%32‘; | _ Jl( L1 of activity in COM and BC (Fig. 13A, B, andD). Activity in
g2 muscles other than COM was observed in some but not all
28wl | regularly paced inclining movements, probably due to small
e0] Antagnist (-0CH) coincident turns. Particularly abrupt inclining movements were
ol characterized by large phasic bursts that preceded movement
o0 oo a0 40 | woow zamo0 4onon onset by~20-50 ms in BC and COM, and were also observed
Horizontal Head Acceferation (deg/s?) consistently in other muscles not recruited during the slower

Fic. 7. Relationship between the integrated magnitude of the agonist @ft¢lining movements, such as OCI, SP cap and RH cap (Fig.
antagonist muscle activity to the peak acceleration of the head. All data 48, C andE). RCP maj was typically activated more strongly
obtained from spontaneous sessions and are divided into movements betwgermore extensively than OCI during inclining movements

10 and 40° left frommonkey ZA), 40—70° left frommonkey £B), and 10-30° ; - thi ; ot ;
right from monkey {C). Each solid vertical line represents data from a singléFl.g' 1:{:)’ this dissociation between RCP may and OCI was

head movement, plotted as a function of the peak head acceleration. The lef#dU€ to inclining as opposed to turning movements. Further,
above the dashed horizontal line expresses the integrated magnitude ofdHateral recruitment was commonly observed in SP cap and
agonist burst, and the length below the dashed horizontal line expresses@€| even though this was never observed during turning
integrated magnitude of the antagonist burst. The magnitude of the agopishvements. Inmonkey fn particular (Fig. 1&), an interval of
muscle activity was calculated by integrating the area under the EMG signa| P A
from 50 ms before to 50 ms after the time of the peak agonist burst. R e_nf:e followed these initial bursts, du”ng Whlch a burst of
magnitude of the antagonist muscle activity was calculated by integrating @6tivity was commonly but not always observed in SCM and
area under the EMG signal over 100 ms after the time of the peak agonist bdrfRAP (Fig. 1&E; the burst in R-OCI was most likely secondary
(see veTHODS). The gray shaded boxes denote the range of acceleratiqgs g small leftward tum).

typical for head movements during trained gaze shifts (the bo& iwas o ;
derived from data frormonkey ). Note that significant antagonist activity is For deC“nmg head movements, IargEKO V‘V/bm) bursts

seen only for movements with accelerations much larger than the gray regi@ﬁ,mus_c_le activity were Observed only during abrupt reversals
implying that antagonist activity accompanied only particularly brisk movedf inclining movements (Fig. 14). Synchronous bursts of ac-

ments. tivity in extensors alternating with synchronous bursts of ac-
. . ) ) tivity in flexors (particularly SCM and TRAP; shown for
tonic component predominantly in COM typical of the posturgonkey ¥ preceded and presumably accounted for the triphasic
held at the end of the movement. COM activity was bilateral ifeaks of acceleration (vertical lines in Fig.A)4In contrast,
monkey f but a similar determination could not be made fofittle activity was present during the initial slow declining
BC because the R-BC electrodes in this monkey failed. Th@ase of the sequence illustrated in FigBleven though its
magnitudes of the phasic components of COM and BC scalgeak velocity was similar to that occurring during the subse-
to the size of the movement (Fig. 1B ,andF). Further, EMG quent reversal of a fast inclination. Further, these large bursts
activity during inclining movements was limited to agonisbf activity were generated while the head was still inclining,
muscles; antagonist muscles (R-SCM in Fig.AandB) were presumably resulting in high force output in the actively
not recruited. lengthening fibers (see Zajac and Gordon 1989 for review).
The only muscle recorded imonkey zhat was recruited  Oblique inclining head movementkclining head move-
during declining movements was SCM (Fig.;Inot recorded ments with a turning component were typically associated with
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Horizontal movements for Monkey z

A 40 deg Left, from center, 200 deg/s

i
HhN |20 deg
dHhM l100 deg/s
|

l
llSOpV
1

[
|
H
i 120 pv

200 ms

C 40 deg Left, from 50 deg Right, 240 deg/s
HhN l20 deg
dHhV | 100 degrs
| |
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i
|

L-OCI
Ak

I [sonv

L-AS ant e ol Ll 20 nY

200 ms

B 65 deg Right, from center, 390 deg/s

i t
Hh | :|20 deg

4‘1/
dHh__{/\ 1100 deg/s

R-OCI |50 uv

L-OCI i1, ! I‘lso ny
|

|
|
R-SP cap [20 uv
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| |
| |20 deg
1

Hh |
H
|
dHhAL 1100 deg/s
| |
R-OCI & |50 1V
1 i
L-OCIM' A Y
T T
i
R-SP cap i |200v
200 ms

Horizontal movements for Monkey f

E 60 deg Left, from center, 300 deg/s
Hh i |
: X 120 deg
!
dHh W 1100 deg/s
! !
H 1
R-OCl__..! : 150 uv
L-OClI ' 150 wV
R-SP cap_ .: | Iso uv
I
L-SP cap T R ‘L,“"_‘_ |5°HV

T 200ms

G 55 deg Left, from far Right, 300 deg/s
Hh !

; : |20 deg

dHh W 1100 degls

!
|
3
b !
|
;

|

R-OCIM : 150 uv

L-OClI J ‘ 150 pv

R-SP cap ! ! |50 v
¥

L-SP cap ‘ E

200 ms

F 55 deg Right, from center, 350 deg/s

i i
Hh ’;/—;__’ |20 deg

dHh ‘__"L/V\L_\ 1100 deg/s

| |
R-OCI Mﬂﬂ 150 pv

L-OCI h 150 wv

RSPcap_uMWISW

L-SP cap Ny |5° w

jl s
200 ms

H 60 deg Right, from far Left, 400 deg/s

|
Hh f 120 deg
dHh ﬂ

| |
R-OCI *d 1 L di 'i add

1 i
L-OCl I; } ! 150 pV
|

R-SP cap lli Lo e s |5ouv

i 1
P |50 uv

200 ms

1100 deg/s

150 uv
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Horizontal movements for Monkey z

A  Leftward head movements B Rightward head movements
607 | _L-OCl onset to start %71 R-OCIonset to start :
| of head movement of head movement ]

4 [
] |
40 |
|

20+
O. __________________

FIG. 9. Plots of the relationships between

the relative timing of the onset of either the

! turn or the muscle as a function of initial
D horizontal head position, shown for either

601 R-OCl offsetto  *® 607 L-OCI offset to leftward head turns4, C, andE) or right-
L-OCI onset R-OCI onset ward head turnsg, D, andF). All data are
o . taken from 41 rightward and 36 leftward
; a turns between 45 and 65° generatechiogn-
401 = 401 a o« key z during spontaneous sessions. Each

point plots the value of the measure de-
scribed in the graph title as a function of the
initial horizontal head position, with positive
values denoting initial head position to the
right. Solid lines denote statistically signifi-
cant P < 0.05) linear regression lines for
the points shown. Short, dashed lines denote
the O values of the various axes. Slow head
turns generated during tracking movements,
extremely fast head turns, and head turns
with vertical components>10° were ex-
cluded from this analysis. Each plot has a

F different numbers of points because each
50; _: . L-OCl onsetto 80] R-OCI onset to : interval could not be measured for every
| L-AS ant onset R-SP cap onset I turn.
d 604 :
° |
— 0 [ . . T
w E | 40 a |
£ | I
~ | |
o I |
£ [ . 20- I
Fso - ' !
1 |
| a |
| o+-————-———— — —g-8 - _—
| L °
, b
} r r . : r . . } .
20L 0 20R 40R 60R 80R 80L 60L 40L 20L 0 20R
centrifugal centripetal centripetal centrifugal

Initial Horizontal Head Position (deg)

activity in those ipsilateral muscles previously described to et sufficiently eccentric to permit analysis). Activities in
strongly active during turns. In addition, COM, BC, and TRAR-COM, R-BC, and L-TRAP were consistently larger for
were more active during oblique inclining movements witkhontralaterally directed obligue head movements (i.e., leftward
contralateral as opposed to ipsilateral turning components (Higr R-COM and R-BC, rightward for L-TRAP). Oblique de-
15, A andB; oblique movements generated mpnkey rwere clining movements were not analyzed similarly because the

FIG. 8. EMG patterns fronrmonkeys ZA-D) andf (E-H) during large leftward4, C, E, andG) or rightward B, D, F, andH)
turns in which the initial head position was either central (ke B, E, andF are centrifugal turns) or contralateral to the direction
of the head turn (i.eC, D, F, andH are centripetal turns). All data are taken from spontaneous sessions. The paired fuamslin
C, BandD, E andG, andF andH were matched as closely as possible for kinematics. Same format as Fig. 3, except that the
smoothed EMG average has not been applied.
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A Vertical postures for Monkey z
50 deg Up 20 deg Up Center 20 deg Down
R-SP cap LLLJJM&L FFPINT PR WY U ORI L1
R-OCI LLJJJ..IJMM PP 1T W Y T s Jzowy
L-OCl M itk bl eda s | WP"W
L-RCP maj ummm T TP T
R-BC  hislibbestiintomunld  oslisiinesbiibsiiiioh  uss —— ottt |0
L-AS ant .mLL.lm sad ol by e rowr
R-SCM ._....LiL.L.n_ e i whlbsttibibb iy o
B Vertical postures for Monkey f
30 deg Up 10deg Up Center 10 deg Down
LsPeap  Rbabdubioh v oaalid w0 P N P
coon Atilbd e b bl o o
R-RH cap MM Jm ol JPTOPRRE VRN SR LI
L-TRAP . ) L T baddd s wogg fow
T 2s0ms

Fic. 10. EMG patterns froormonkeys #A) andf (B) in muscles whose activity varied for differing postures in the vertical plane.
All data are from spontaneous sessions. Records are shown over a range of inclined and declined postures. Activity in some muscles
(e.g., R-OCI in3rd columnof A, and L-OCI and L-RCP maj idth columnof A) is due to small horizontal turns.

sample size was small, and the movements were more varialshich monkey fised to crane for offered food. The unique feature
in their kinematics. of this type of movement was the strong and increasing bilateral
activation in SCM (Fig. 16), which occurred without significant
activity in other muscles that were typically synergistic (OCl and
SP cap) or antagonistic (COM) with SCM. TRAP was also active
All monkeys moved their heads during eating or head sha‘fg—mng this mo"eme"?t’ although c_ompa_red with SCM, the a_ct|V|ty
ing. The neck muscle activities during these movements  TRAP was more discrete and did not increase greatly during the

itmdRpvement. Similarly strong activity was observed in R-SCM in

patterns that the monkey is capable of generating. During th&8@nkey zluring craning movements, although this muscle was
movements, EMG patterns became quite specialized, and giet implanted bilaterally. .
viously inactive muscles were recruited. We did not focus AII_m_onkeys Sppntaneo_usl_y gerjerate_d head-shaking sequences
quantitatively on such movements because the magnetic se&@psisting of multiple oscillations in which the head was rapidly
coil system provided calibrated measurements only for hofined from one side to another over a period of 0.5-2 s. Head
zontal and vertical rotations, not for torsional rotations n&hakes were associated with the highest levels of EMG activity
translational movements. recorded in all muscles, regardless of whether the muscle linked
The EMG patterns shown in Fig. 16 were generated duringle skull to the spinal column (OCI, SP cap, RCP maj, COM), the
representative forward translation along the occipito-nasal axg&ull to the shoulder girdle (TRAP, RH cap), or the shoulder

Feeding behaviors and head shakes
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Trained vertical movements, Monkey z

A 25 deg up B 10 deg up C 10 deg down D 20 deg down
160 deg/s 40 deg/s 40 deg/s 85 deg/s
! .
| I
| | |
Hv i _,/—1.— | |20deg
| | | . ! 1 ]
! | | | | |
| 1 1 |
[ [ | | b i
dHv ' m | . | {100 cegss
I —\/wﬂ' |
! b ! M
| ! ! ] 1
I ! |
R-COM : i |20uv
o | | | | |
! ! | |
[ | ' ' ! 1
' ' ! ! | |
| | I | 1 '
R-BC Y O R . L [now
1 ) T T
[ [ | | ! ! ! !
1 ] 1 ] |
| I | ] ! I 20uV FiG. 11. Vertical head position (Hv) and ve-
R-SCM s 'I | . “‘ . I I 1 ‘i locity (dHv) traces, and EMG patterns fromon-
key z(A-D) and monkey r(E-G) during move-
. . ments of various amplitudes and velocities in the
Trained vertical movements, Monkey r vertical plane. All data are from trained sessions.
E F G Same format as Fig. 3.
20 deg up 10 deg up 5 deg down
165 deg/s 75 deg/s 25 deg/s
e |
i i ) i 20 deg
Hv | | |
! ! | | —1\
I I 1 1 l I
] 1 I I
| | i M ] |
| | ' ! 100 degfs
dHv ' '
' 1
1
|
|
y g

50 uv
R-COM

50 uv
L-COM |

50 uv

L-BC §

girdle to the spinal column (AS ant, AS post). FigurAkshows burst before right turns; L-OCI, L-RCP maj burst before left turns:
a typical example consisting of seven oscillations over a periodfef). 17C), while these muscles lengthened.

1 s. All muscles displayed discrete bursting profiles, and had

activity levels >60-100 wV/bin. A closer examination of the PISCUSSION

temporal aspects of the EMG activity revealed that some muscle§ his report is the first detailed examination of EMG
burst twice per cycle, whereas other muscles burst only once petivation in multiple monkey neck muscles during a large
cycle (Fig. 17,B and C). In those muscles bursting twice perange of head postures and movements. Similar studies in
cycle, the magnitude of the two bursts differed. The synergieats revealed that individual neck muscles, and even indi-
identified for rapid turns could be discerned during head shakegjual compartments within a given neck muscle, are con-
but coactivation was stronger during shakes than turns (e.g., notdled by the CNS in specific and reproducible ways (Kesh-
the bilateral activation in the OCI muscles in FigBL7Strong ner 1994; Keshner et al. 1992; Richmond et al. 1992;
activation in many muscles often occurred 20 ms prior to the stdttomson et al. 1994, 1996; Wilson et al. 1983) but revealed
of the turn toward the preferred direction (i.e., R-OCl and R-Sfbmplex and somewhat counter-intuitive patterns, as dis-
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Trained vertical movements, Monkey z unit recording studies in the brain stem, to understand fully
B the underlying neuromuscular control.

] X

I ©

| /7 x : . .

i Methodological considerations

| . .

I To study head movements systematically, we examined

T T T ampiuce ey 2T T g T T T T T head movements generated during trained gaze shifts since
%{ : S oo o%’t I these are measured easily and reproduced consistently. How-
| X2030deg 1. | ever, had we only studied trained head movements, we would
NI 100D 8D 0 su  o0u  1s0u not have observed the wealth of variation in EMG activation
Vertical Head Amplitude (deg) Vertical Head Velocity (deg/s) .
that accompanied spontaneous head movements. For example,
craning movements were associated with coactivation of the
two SCM muscles (Fig. 16), which are antagonists during head
o turns. Head shakes were associated with very high levels of
% activity in all muscles, apparently phased to contribute to the
+ high accelerations observed during such rapid movements (Fig.
17). General features of these movements were observed by
comparing repeated sequences generated over the course of
weeks. If future studies are concerned with the neuromuscular
10D S0 0 S0 10U U _ 10D 500 WU 1o 1mu strategies underlying such movements, clever ways will have
Eg- F .. to be devised to elicit many such movements reproducibly.
-SCM All muscles In this study, we recorded only horizontal and vertical head
A-cOM rotations and not the remaining 4 degrees of freedom (df;
torsional rotation and 3 directions of translation). Qualitatively,
we observed motion in all 6 df during the natural repertoire of
B head movements. Translating movements were frequently gen-
erated when the monkeys craned for food or tried to visualize
o * objects partially obstructed by barriers. Torsional rotations of
0D &0 o U 100U tev 1000 so0 U 100 180U varying magnitudes were generated during orienting move-
Vertical Head Velocity (deg/s) ments and feeding behaviors but were generally excluded from
analysis. Other methodologies, such as three-dimensional coll
systems and analysis of reflective and fluoroscopic markers,
would be better suited to quantifying such motion and estimat-
ing the kinetic implications to better understand the specializa-
tion of neck muscle control for these tasks.
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To hold its head in the central position, the chair-restrained
monkey requires little or no muscle activity (Fig. 10), probably
W 10U fsu 1D s0D sutoou  tsou because the head is aligned vertically on top of the cervical and

Vertical Head Velocity (deg/s) thoracic vertebrae so that the weight of the head is borne by

FIG. 12. Relationship of the kinematics and EMG activity during traine¢ompression of underlying vertebrae. Deviations from this
me‘g’ker\fl‘;ggt;” :Qen;’g\%‘ﬂﬂagafrﬂmgkagrﬁj ) aé](gngGéHgbﬁ;Z[(raelaéZi “metastable” position required increased levels of muscle ac-
gcceleration to peak velocity fmrw)onkeys and r|yr§spectively;C—E correplate tivity to b_alance the head. Interestmgly, bC?th statically inclined
smoothed peak EMG activity to peak head velocity for different muscles @nd declined postures were associated with flexor and extensor
monkey zF andH summarize the statistically significar® & 0.05) regression muscle activity that was variable but sometimes included some
lines for the relationships between various muscles and peak head velocitydgy-contraction of antagonist muscles (Fig. 10).
mon_kgys andr respgctlvely. Sa_mg format as Figs. 4 anq 5. iny trials in which To hold its head in progressively more turned postures the
the initial head position was within 10° of center and in which the movement . . ’
deviated<20° from vertical contributed data to this figure. monkey was observed to recruit progressively all of the mus-

cles that tended to pull the head into such turned postures.
cussed in the following text. The activity from analogouSuboccipital muscles such as OCI and RCP maj were active for
muscles in monkeys is similarly specific and reproducibleven the smallest deviations from center to which activity in
but somewhat simpler to relate to kinematics. This discustultiarticular head turners such as SP cap and SCM was added
sion focuses on the similarities and differences between céds more turned postures. Similar trends have been reported
and monkeys in terms of the likely kinetics of the varioupreviously (Bizzi et al. 1971; Lestienne et al. 1995, 2000) and
postures and movements and the comparative architecturdabe been suggested to reflect underlying kinematics: small
the muscles as revealed in the companion paper (Richmaachs are thought to be executed by rotations at suboccipital
et al. 2001). This approach must eventually be combingeints whereas larger turns require additional rotations about
with quantitative kinetic and biomechanical analyses dbwer cervical vertebrae (Kapandji 1974). Furthermore, some
normal and perturbed head movements, as well as singheuscles (e.g., RCP maj, SP cap, and SCM) are also involved in
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20 deg upward movements from Monkey z

A B C
50 deg/s, 1000 deg/s® 110 deg/s, 2000 deg/s® 450 deg/s, 12000 deg/s’®

H\,_i_/‘;— ! !

R-SP cap

L-RCP ma]

HCOM_.M._ _Mu LMIW
R-BC _.Illuhhuj. Mlzsuv

200 ms T200ms T 0ms Fic. 13. EMG patterns fronmonkeys z

2 ward movements from Monkev f (A-C) and f (D and E) during inclining
D deg-upward mevemerita;fro SRR movements of 20° with different dynamics.

D 2 E 2 All data are from spontaneous sessions, and
120 deg/s, 1500 deg/s 330 deg/s, 15000 deg/s all began near the center vertical position.
| I I Note the time scale differs for different
! ! ; movements.
| | | | 20 deg
Hv | | |

[ ] ]

dHv I | ) |2ou deg/s

|
R-OCI M _l [40uv

|
| 1
L-OCI |100 uv
R-SP cap Nl & L |20uv
I

L-SP cap L 4 Aoiboniag. |40uv
| | |

L-COM .. i . |pw
1 ¥ 1

L-BC e . r |20uv
| | |

L-RH cap JIL : Au-—l‘iu 2
1 I 1

L-SCM l ;i s 20w
| | | i

L-TRAP L 4 : . [1ow

200 ms 200 ms

postures and pure movements in the vertical axes. This obdbese muscles cross. Studies in cats are usually conducted
vation is interesting considering that horizontal and verticalith the trunk oriented horizontally and the cervicothoracic
components of head movements appear to be controlled dpfjumn in an S-shaped configuration, whereas studies in
separate brain stem structures downstream of the supedbaired monkeys are conducted with the trunk and cervical
colliculus (owls: Masino and Knudsen 1990; cats: Grantyn am@lumn oriented more vertically. In cats, BC is active ton-
Berthoz 1987; Isa and Naito 1994, 1995; Sasaki et al. 1996ally over most of the range of inclined and declined
monkeys: Cowie and Robinson 1994). midline head positions, including the central position; in
The postural activity of some monkey neck muscles wasonkeys BC had little activity during tonic postures (Fig.
different from that reported for homologous cat muscleR)). However, BC has been found to become active when
(Akaike et al. 1989; Guitton and Mandl 1978; Keshner et amnonkeys hold their heads in neutral postures during qua-
1992; Richmond et al. 1992; Roucoux et al. 1980, 1988rupedal stance when the cervicothoracic region is held in a
Thomson et al. 1994, 1996). The differences may be relatetbre S-shaped posture like that in which cats were studied
to the posture of the cervicothoracic joints, which some ¢E. Keshner and B. Peterson, unpublished observations).
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Abrupt downward accelerations from Monkey f

A 12 deg Up, 13 deg Down B 12 deg Up during 30 deg Down

i

H TN — Rl

Y ‘——‘*//\ i i\ 1

dHv l \/}f_\ \E(\/._/
e .

i
‘ i

! N

ddHv g a Hi

§ i LI

n B\l

' ¥

! I
|

R-OCI .

20 deg

300 deg/s

10000 deg/s®

|

|

i

i

!

| FiIG. 14. EMG patterns frormonkey fur-

| ing 2 sequences of head movements in the

i vertical plane, composed of both inclining and

L-OCI T N . |‘°°“V declining movementsA shows a sequence in
i
i
|
|

which a rapid 12° inclining movement was
followed immediately by a 13° declining

|

i

|

il | odud
| Pl
(I

I o movement.B shows a sequence in which a
R-SP cap . ! Iﬁ e H } 20wV quick 12° inclining movement was generated

| : i in the middle of a 30° declining movement

| Bt

|

Hv, dHv, and ddHv label traces of vertical
| head position, velocity and acceleration re-

o | souv spectively. The vertical short-dashed lines are
aligned on peak inclining accelerations of the

i head, and the vertical solid lines are aligned

on peak declining accelerations of the head.
200V Note that the time scale differs it andB.

L-SP cap

"
|
I
L-COM H

20uV

L-BC ke

50 uV

R-SCM

l |
{
|
§ +| . a |20uV
. |20uV

[W_

i

{

i

i

i

|

{

13

{

H

|

i
1

: Pl
|

L-RH cap b - A

|

|

|

I

|

]

]

i

|

|

I

L-SCM "
Pt
it
i
L-TRAP : y L few
200 ms 200 ms

Further, large horizontal turns in cats are associated witlon for stabilization. The preferential recruitment of exten-
paradoxical activity in the contralateral COM muscle; isors contralateral to oblique turns may serve to counteract
chaired monkeys, COM was active only when it couldmall torsional rotations (Fig. 15).

contribute positive work in inclination or during obligue When rhesus monkeys move in their natural environment,
turns. In the monkey, the long cervical muscles that cothey do so with weight borne on all four limbs. They have been
tribute to large horizontal turns may impose mostly contlassified as terrestrial quadrupeds, although they can resort to
pression forces in addition to the axial rotation of thécultative bipedalism when it is useful (e.g., carrying food)
vertical cervical column; in the cat these muscles presurfNapier and Napier 1967, 1985). At rest, they typically adopt a
ably produce complex torsional forces along the S-shapsquatting body posture that frees their hands for tasks such as
cervical column that may require some degree of cocontrdeeding and grooming. The presence of the squatting posture
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Oblique movements for Monkey z
25 deg Left, 15 deg Up B 25 deg Right, 15 deg Up

10 deg

40 uV l' l I I i 40 uV

20wV “ﬂ

|20 uv
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i

20 uV |20 uv
200 ms
Averaged activity for R-COM @
Key
© =10 uVibin

<> =20 uV/bin
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40L 20L 0 20R 40R

Horizontal End Point of Head Movement Vector (deg)

Fic. 15. A and B: horizontal (Hh) and vertical (Hv) position traces and EMG patterns froonkey zduring either an
oblique 25° left 15° up head movememt)(or an oblique 25° right 15° up movemerB)( These examples were selected for
comparison since they both had inclining components of 15° and approximately equal peak velocities (135-145°/s) but
oppositely directed turning components. Note that R-COM and R-BC were more active during the left-up movement than the
right-up movement, while the opposite pattern was seen in L-trapezuis (TRAE) relationship between the peak smoothed
EMG activity during 45 oblique upward head movements for R-CAY), R-BC (D), and L-TRAP E) plotted as a function
of the vector of the oblique head movement. The location of each diamo@didenotes the endpoint of the oblique upward
head movement relative to 0, and the size of each diamond denotes the magnitude of the smoothed peak EMG activity. All
data are taken from trained sessions.
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Forward translation could not measure the orientation of the cervical column di-
from Monkey f rectly, a previous study using X-ray photography confirmed
that similar craniocervical postures were obtained during
squatting in chair-restrained and unrestrained monkeys (Vidal
10 deg et al. 1986). We reiterate that the activation patterns observed
in chair-restrained, squatting monkeys will likely change when
monkeys adopt a quadrupedal posture; biomechanical differ-
10 deg ences between the two postures are likely reflected in distinct
uses of at least some of the muscles of the head-neck-scapular
complex, particularly those spanning the cervicothoracic junc-
tion.
40 uv

R-SCM

Movements and kinetics

The head movements generated during trained gaze shifts
40W followed simple scaling rules for amplitude, velocity, and
acceleration in both the horizontal and vertical axes. Muscle
recruitment during these movements appeared to be associated
both qualitatively and quantitatively with the presumed kinetic
10w requirements of the movements. The kinetics reflect a mixture
of elastic, viscous and inertial force requirements related to
position, velocity, and acceleration, respectively, but the co-
variance of these variables during trained movements makes it
40 WV difficult to use such data to test hypotheses about neuromus-
cular strategies. Spontaneous movements exhibited a wider

!
I
! f
i I
i 1
| ]
i i
f ! range of kinematic patterns that make it possible to consider
! I the kinetic strategies. This reinforced the notion that neck
L-OCI ; ; 20 WV muscle activation in chaired monkeys is relatively simple to
i relate to the mechanics and kinetics of head movement.
Lhu—‘
f
i |
l !
! !
|

L-SCM

L-TRAP

R-OCI

VARIATIONS IN MOVEMENT DYNAMICS. Head movements dur-
10uv ing trained gaze shifts were associated with phasic and tonic
patterns of recruitment in agonist muscles consistent with
overcoming elastic and viscous forces (Figs. 3 and 11). Very
rapid movements of the same amplitude were associated with
20 W large reciprocal phasic bursts in agonist and antagonist muscles
consistent with the requirements of accelerating and deceler-
500 ms ating an inertial mass (Figs. 6, 7, 13, and 14). Triphasic
Fic. 16.  EMG activity during a head movement madenimynkey fnwhich ~ Patterns of recruitment have been described for rapid arm
the head translates forward for food during a spontaneous session. The posiftavements (Hallett et al. 1975; Lestienne 1979; Marsden et al.
signals were derived from coil signals and hence do not measure head tr&y®83), and for SCM and SP cap during head movements in
lation. humans (Zangemeister et al. 1982). The activation of antago-

. . . nistic muscles in humans may be a consequence of instructing
and facultative bipedalism has led some to regard monkeysf movements. Our results suggest that antagonist muscle

bipeds to differentiate monkeys from obligatory quadrupedsi;ation may be more the exception than the rule, particularly
like rodents and cats (Graf et al. 1995; Vidal et al. 1986). Bo{R trained tasks with no premium on either speed or accuracy.
the use and anatomy of the monkey head-neck-scapular systefyring the fastest movements, the activity of many muscles
are distinct from cats and humans. Compared to cats, monk@yss not simply triphasic but instead could involve multiple
do not use the head as the primary prehensile organ, they ha¥guences of interleaved bursts in agonist and antagonist mus-
a more modest dorsal neck muscle mass, and they havele® during the latter portions of the movement (Figs. 6, 13, and
scapula attached mechanically to the trunk via the clavicle4). We speculate that the primary agonist and antagonist
Compared to humans, the orientation of the primate scapulaisrsts were part of a preprogrammed, open-loop neural com-
more parasagittal than frontal, and monkeys retain musculatunand related to the kinetic requirements of the movement (Fig.
apparently unique to quadrupeds (e.g., RH cap and somewhgtwhereas the more variable subsequent bursts in the latter
separate BC and COM) (Richmond et al. 1999a). These obgesrt of the movement may reflect the operation of corrective
vations do not preclude monkeys as animal models for humiagflexes generated by reciprocally organized neural circuitry
head movements, but caution extrapolating results across sged perhaps reflecting vertebral as well as head motion. Such
cies. complexity within EMG envelopes cautions against the use of
Because rhesus monkeys are neither obligatory quadrupetthods that determine the mean of EMG waveforms across
nor bipeds, legitimate concerns may be raised regarding #imilar trials, particularly for the latter portions of the move-
squatting posture imposed by our primate chairs. Although weents. Had we simply averaged our data across multiple trials,

L-COM

L-RH cap
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Head shake from Monkey z
A B

— Hh

404 -
Hh eg R-SP cap

R-OCI

L-OClI

R-SP cap | 40w | .RCP maj

] R-COM

R-OCI | 40W  |.RH cap

L-TRAP

L-OCl |ow  L-ASant
L-AS post
100 ms
L-RCP maj |sow ©

Hh

R-COM | sow R-SPcap
R-OCI

L-RH cap 40uv L-OCI
L-RCP maj

L-TRAP 40w R-COM

E L-RH cap

L-ASant oW L-TRAP

E L-AS ant

L-AS post : 40w | -AS post

500 ms 100 ms

Fic. 17. A: EMG activity and horizontal head position (Hh) traces during a vigorous head shake generatedksy Zn a
spontaneous session. The vertical dashed lines denote the approximate onset and offset of the sequence. The solid bracket denotes
the 2 cycles magnified iB andC. The vertical solid lines ilB andC demarcate individual cycles of the head sha&estylized
representation of the spatial and temporal EMG activation patterns for the magnified sequentlerboxes denote the timing
of the EMG activity with dark and light boxes signifying relatively higher or lower levels of EMG activity, respectively.

these discrete multiphasic reciprocal bursts would have avsignal that are common to multiple movements from those
aged into a generalized pattern of amorphous cocontractiappearing in an idiosyncratic fashion.

Although the observations reported here rely partly on tRgNTRIFUGAL VERSUS CENTRIPETAL MOVEMENTS. Comparisons
evaluation of individual examples, an alternative techniqus centrifugal and centripetal turning movements matched for size
would be to deconstruct EMG patterns from multiple trials intand speed revealed that the initial position of the head affected
the least common waveforms to distinguish aspects of thauscle recruitment. The first event preceding centripetal turns
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was the silencing of previously active contralateral muscles (Fighstributions of muscle fiber types than monkey muscles. In the
8 and 9). In addition to releasing stored elastic energy to assistat, neck muscles range from 10 to 65% Type 1 (slow-twitch)
initiating the turn, the silencing of contralateral muscles may al§Richmond and Vidal 1988; Richmond et al. 1999b; Selbie et
avoid the high forces that would be required to stretch actia 1993) while the same muscles in monkeys range from 23 to
muscles: had the silencing of contralateral muscles coincided with% (Richmond et al. 2001). The recruitment of some cat
the activation of ipsilateral muscles, remnant forces produced foyiscles appears to be specialized for tonic postures versus
lengthening the contralateral musculature would have resisted dy@amic movements (Thomson et al. 1994, 1996). In the
developing turning forces. monkey, the neutral head position requires little tonic muscle
The synergy for centripetal but not centrifugal turns waactivity; recruitment during other postures and movements
found to include AS ant, which spans from the lateral half c(feems related more closely to simple force requirements in-
the scapula to the transverse process pfl@e biomechanical ferred from the kinematics of the behavior.
implications of this activity are not clear, but the temporal
ordering of recruitment suggests that forces developed by
ant play arole in the early acceleration of centripetal turns. The

involvement of AS ant in centripetal turns is surprising con- The complementary approaches used in this and the com-
sidering this muscle, at least in humans, is viewed commord¥nion paper (Richmond et al. 2001) further the understanding
as belng involved in Scapular elevation rather than hea_d tUla}Sthe morphometriC, biochemical and physio]ogica| Organiza_
(Bull et al. 1984; Mayoux-Benhamou et al. 1997). ExperimeRpn of monkey neck muscles. Such understanding is important
tal protocols are often confined to centrifugal movements afg} the development of realistic biomechanical models of head
would miss such activity. . _ control in monkeys and for future neurophysiological studies
The temporal activation of agonist muscles also differegsh head movement control. Further, this paper emphasizes that
between the synchronous activation during centrifugal turfgonkey neck EMG, at least in the squatting posture, relates
and the staggered recruitment during centripetal turns. Akiatively simply to the kinematics and presumed kinetics of
though this report is the first to study temporal relationships e movement. This result is heartening for understanding
detail, previous studies in monkeys have reported some va{irman head-movement control, where most deep neck muscles
ability in either the magnitude (Bizzi et al. 1971) or timingare inaccessible. However, the central neuromuscular strategies
(Lestienne and Liverneaux 1988; Lestienne et al. 1995, 2048} human head movement cannot simply be assumed from the
of muscle recruitment that appeared related to initial heagysculoskeletal architecture. For example, simple “lines of
position. A more complete kinetic analysis will be required teyrce” logic would not have predicted the sequential activation
understand such details, which may relate to stability in othgf muscles during centripetal turns. Although tempered with
axes such as torsion or translation. The later recruitment e knowledge of the differences between humans and mon-
ipsilateral OCI and SP cap may also serve to delay theisys the study of neck EMG in a squatting monkey at least
activation until they reach a more advantageous position in tBgaples considerations of neuromuscular strategies and cervi-
force—length relationShip. It is obvious from our results that tl’@] biomechanics in a Species inclined to adopt a human-like
central command to individual neck muscles is highly speciqﬁosture.
ized and depends systematically on initial position. Thus ‘it
seems inappropriate to produce ensemble EMG activity pro-
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keys may relate to differences in the architecture of individual
muscles in addition to the postural differences noted in the
preceding text. For example, RCP maj in the cat is almost?&FERENCES
pure head extensor. In monkey, its skull insertion is distribut@gaxe N, Onno T, anp Tsusokawa H. EMG activities of neck muscles
more laterally (Richmond et al. 2001), contributing a turning underlying lateral flexion of the neck during head-turning induced by
moment that |S reﬂected |n |ts recrurtment durlng horlzontal electrical stimulation of the caudate nucleus in cilsurosci Re$: 397—
‘s . 10, 1989.

pOStL_lreS and tums. The grad“‘."" lOSS. of distinctive mus MJ anD LoeB GE. A pulsed integrator for EMG analysiElectroen-
functions that seems to be associated with the tendency to holgiphalogr Clin Neurophysiot7: 738-741, 1979.
the neck and torso in a vertical orientation may be a drivirgjzzi E, KauL RE, anp TacLiasco V. Eye-head coordination in monkeys:
force for the simplification of the primate neck musculature evidence for centrally patterned organizatiSiencel 73: 452—454, 1971.
with evolution. For example, COM and BC in the cat ar8ult ML, DE FREIAs V, AND VITTI M. Electromyographic study of the

icall ’ df . I 'd. . Rich d | 1992 trapezius (pars superior) and levator scapulae muscles in the movements of
anatomically and functionally distinct (Richmond et al. )- the headElectromyogr Clin Neurophysid4: 217-223, 1984.
In the monkey, COM functions somewhat similarly to BC andornei BD, Loes GE, Rchmono FJR, anp Munoz DP. EMG activity in
often merges anatomically with the anterolateral edge of BCdorsal neck muscles of the rhesus monkey during head movements and in
(Richmond et al. 2001). In humans, both muscles appear t@ifferent head positionsSoc Neurosci Abste2: 801.11, 1996.

. . [ . NEIL BD, Ouivier E, RcHmond FJIR, LoeB GE, AND Munoz DP. EMG
have been subsumed into the smgle muscle SemISpma“S Ca&ﬁ sponses from primate neck muscles participating in horizontal head move-

(Kamibayashi and Richmond 1998). o ) ‘ments following stimulation in the superior collicului/th International
Cat neck muscles tend to be much more specialized in theisymposium on the head-neck systéistract), 1999.

nclusions

Muscle architecture
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