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Bour, L. J.,, M. Aramideh, and B. W. Ongerboer de Visser. INTRODUCTION

Neurophysiological aspects of eye and eyelid movements during . o
blinking in humansJ. Neurophysiol83: 166—176, 2000. The neural _Studies of spontaneous and voluntary blinking have reveg

relationships between eyelid movements and eye movements du,qhg_remprocal Innervation be_ztween_ the levator palpebrae_SL
spontaneous, voluntary, and reflex blinking in a group of healtfjoris (LP) and the orbicularis oculi (OO) muscles (Aramidg
subjects were examined. Electromyographic (EMG) recording of tigé al. 1994b; Bjérk and Kugelberg 1953; Evinger et al. 199
orbicularis oculi (OO) muscles was performed using surface eldgordon 1951). Immediately before a blink, the activity of th
trodes. Concurrently, horizontal and vertical eye positions were feP muscle ceases, whereas the OO motoneurons produ
corded by means of the double magnetic induction (DMI) ringhort high-frequency burst of activity. At the end of a blink th
method. In addition, movement of the upper eyelid was measured ®0D activity turns off and the LP returns to its previous ton
a specially designed search coil, placed on the upper eyelid. The reégitivity (Aramideh et al. 1994b; Becker and Fuchs 1988). Th
blink was elicited electrically by supraorbital nerve stimulation eithethe upper eyelid droops due to the inhibition of the ton
on the right or the left side. It is found that disconjugate oblique eygctivity of the LP followed by the activation of the OO muscl
movements accompany spontaneous, voluntary as well as reflex bligkd the release of passive downward forces of the up
ing. Depending on the gaze position before blinking, the amplitude éilelids. The upper eyelid opens again when the OO mug
horizontal and vertical components of the eye movement d””%tivity has turned off and the LP has returned to its tor]
blinking varies in a systematic way. With adduction and downwargltiyiry Electrical stimulation of the supraorbital nerve elici
gaze the amplitude is minimal. With abduction the horizontal amleli‘\-go components in the OO muscle known as blink refl

tude increases, whereas with upward gaze the vertical amplit eSponse' an early oligosynaptic ipsilateral respongpdfd a
increases. Unilateral electrical supraorbital nerve stimulation at | : e - :
currents elicits eye movements with a bilateral late component.?ége polysynaptic bilateral response,JRKimura 1970; Onger

stimulus intensities approximately two to three times above t er de Visser and Kuypers 1978; Shahani 1970; Shahani

ap) . 1972).
threshold, the early ipsilateral blink reflex responsg) (R the OO oung . . . o]
muscle can be observed together with an early ipsilateral eye move Evinger et al. (1984) showed that in guinea pigs, rabbits, 3

ment component at a latency of15 ms. In addition, during the humans, eye movements accompany blinking. In this stud
electrical blink reflex, early ipsilateral and late bilateral componen®as also demonstrated that eye movements during volun
can also be identified in the upper eyelid movement. In contrast to thad spontaneous blinking have no mechanical origin and
late bilateral component of upper eyelid movement, the early ipsilattan probably are due to cocontraction of extraocular musc
eral component of upper eyelid movement appears to open the eygnidman it has been demonstrated that the eye-globe not ¢
a greater degree. This early ipsilateral component of upper eyelithkes a slight displacement of 1-2 mm back into the of
movement occurs more or less simultaneously with the early e vinger et al. 1984) but also performs a horizontal, vertig
movement component. It is suggested that both early ipsilateral mo ‘ollewijn et al. 1985 Riggs et al. 1987), and torsionai rotati

ments following electrical stimulation do not have a central neur ¢ t al 1996). Alth h it iqinally th
origin. Late components of the eye movements slightly precede raumann et al. )- ough 1t was originally thoug

late components of the eyelid movement. Synchrony between 48t in man the eyes move nasally upward during voluntary

components of eyelid movements and eye movements as wellS@Pntaneous blinking (Evinger et al. 1984; Ginsborg and Mau-

similarity of oblique eye movement components in different types ¢fce 1959), the rotation of the eye in straight-ahead posit
blinking suggest the existence of a premotor neural structure actinge¥mally is directed nasally downward (Collewijn et al. 198
a generator that coordinates impulses to different subnuclei of tRéggs et al. 1987). This rotation also depends on the initial 6
oculomotor nucleus as well as the facial nerve nucleus during blinkipgsition (Riggs et al. 1987). However, to what extent t
independent from the ocular saccadic and/or vergence system. ffifgerent extraocular muscles contribute to this combined tra
profile and direction of the eye movement rotation during b"nkingational and rotational movement during blinking is not y
gives support to the idea that it may be secondary to eyeball retracti own
an extra cocontraction of the inferior and superior rectus muscle ’ P .
would be sufficient to explain both eye retraction and rotation in the Not only bl!nklng IS accompan_led by eye movements. F
horizontal vertical and torsional planes. example, during prolongeq bllnk|r]g or permanent closure

the eye, lateral and/or vertical conjugate eye movements 0¢
(Collewijn et al. 1985). Resistance against forceful opening

The costs of publication of this article were defrayed in part by the paymeg}e eye norma”y induces a conjugate strong Upward movern

of page charges. The article must therefore be hereby marked “advertisem&itthe eyes (Bell's sign). Furthe_rmore: concurrent with vertig
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ eye movements the upper eyelid moves up and down. Also
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EYE AND EYELID MOVEMENTS DURING BLINKING IN HUMANS 167

eye opens a little further on lateral gaze. In addition, undeye movement recording method with a ring particularly appropri

pathological conditions, blinking may facilitate saccadic eykr recordings with the eyelids closed.

movements (Leigh et al. 1983; Zee et al. 1983). Abnormalities _

of eyelid movements and eye movements have been reportef¥¢lid movement recording

disorders of the basal gang”a and/or the midbrain (Berarde”iUpper eye“d movement was monitored using a modified magng

1985; Jankovic 1988). In essential blepharospasm, eye moyearch coil technique, as was described by Evinger et al. (1991).

ment disorders occasionally accompany the spasms of thectromagnetic field employed for the eye movement recording

eyelids (Aramideh et al. 1994a). The interactions betweeiso used to record the eyelid movements. A very fine wire ¢

different types of eye and eyelid movements may utilize tif@nsisting of 10 turns of a Teflon-coated copper wire, 0.05 mm G

same neural circuit (Becker and Fuchs 1988). was attached to the upper eyelid. The weight of the coil was negl
So far simultaneous recording of EMG of the OO muscl@é; and it did not appear to hinder eyelid movements. Calibrat

and eye movements together with monitoring of the eyel fore the experiment mapped the output voltage of the eyelid coi

. N e +90 and—90° position. Between these two extremes the relati
movement during reflex, voluntary, or spontaneous blinking [ een voltage and angle of rotation was supposed to change

our knowledge, have never been investigated. In this study §jgysoidal fashion, and measured coil voltages were converted
temporal relationship between the different components of eygdingly to upper eyelid angles.

and eyelid movements during spontaneous, voluntary, and
reflex blinking have been established. It is hypothesized tH@f{G recording
there exists a common premotor structure for all types o

f

.- . . EMG recordings were performed from OO muscles, using Ag/Ag
blinking that may also operate m_de_pendently of the sacca%mﬁace electrodes placed over the lower eyelids (Ongerboer de Vi
and the vergence systems. Preliminary reports on this stug;e
have been published (Bour et al. 1996, 1999; Ongerboer g ements. The supraorbital nerve was stimulated with the cath
Visser et al. 1998). placed over the supraorbital foramen and the anode 2 cm higher
lateral on the forehead. Impedance of the electrodes was akways
kQ). The EMG apparatus (Medelec Sapphire) used for amplificatior

METHODS the EMG signals simultaneously was used to apply constant cur
Subjects pulses with a duration of 0.2 ms. To avoid that the alternating prima@
electromagnetic fields with a frequency of 30 and 40 kHz were picKded
Seven healthy subjects participated in the present study, includig by the EMG electrode leads, and the EMG amplifiers extra shigid?
one female subject (F1), tested at the age of 22 yr and 6 male subjé@gsand filtering was applied. o)
(M1-M6) with a mean age of 34 yr. Subject participation followed S
informed consent before inclusion in the study. Test protocols aB¥ta acquisition §
gtgéfgrgggng?zilifn%wal was in accordance with the tenets of the‘Raw signals of horizontal, vertical positions of the eyes and verti e
: position of the upper eyelid were low-pass filtered (—3 dB at 150 HZ
2nd-order Bessel filter). The low-pass filter of the EMG amplifiefs=
Eye movement recording was set to 500 Hz and the high-pass filter at 1 Hz (12 dB/oct). \ﬁ
signals were digitized with a sample frequency of 1,000 Hz and stoyéy
The eye movements of both eyes were measured with the doutighe computer. The sweep time was 500 ms with a 25-ms presti i
magnetic induction method (DMI) described by Bour et al. (1984lus interval. Data analysis was performed off-line. FN
The subject’'s head was positioned in a homogeneous alternating )
primary magnetic field with constant amplitude. Horizontal as well &alibration and paradigms n
[©)

vertical eye positions were derived from a secondary magnetic fieldT
plcked_ up by a detection coil placeq |n, front of the eye. GOId'PIatee‘%goerimental session, the subjects were asked to track, as accu
metallic rings attached to the subject’'s eye (anesthetized with og

droplet of 0.4% solution of Oxybuprocainehydro-cloride) general ?o% ?:?gldblc()er; :villnr;t%l?r;iilS(I:rgrletlirc::?\rbspr%tegas“%?taﬂsqs;nv:\?ns t;g
this secondary field, and its strength is related to the rotation of t ) y 9

rings. Magnetic field strength is measured with a phase-locked aﬂgc\i/iir%?. -ill—lr&?n?ﬁ;: e%i%rgslieig:ﬁz%\}i; jggditi;irginsa%ii .VL\:;S iggﬂ
plitude technique (Robinson 1963), and within the range-&6 to Y g . pOLS jump

o ) A ; . . in horizontal or vertical direction-10 to +10° away from straight-
15°, raw eye signals do not _dewamém from linearity. Beyond this ahead position. The subject was asked to fixate these different tg
range, signals become nonlinear and saturate2&®. The cross talk

- A . S . positions successively, and the obtained raw eye position signals
between left and right eye positions5%. In horizontal direction this gsed to calibrate the data.

cross talk is negative, and in vertical direction it is positive. Thi Target positions were arranged in a regular 5 by 5 array, and
means that the difference between left and right eye in hor'zonh%rizontal and vertical distance between the targets was 5°. One o

direction (vergence) increases maximally up to 5%. Possible diffeé- . .
h - . - L different targets (laser spot) was shown, and the subject was a
ences between left and right eye in vertical direction (hyperdewatlop ixate the ta?get. (Eye an(Fj) e)yelid movements were rejcorded du

decreases maximally up to 5%. For this under- and overestimation ‘f . ; . . ’
left and right eye differences due to cross talk is accounted fv% untary and reflex blinks while the subject was successively fixat

whenever it is necessary. Within the linear range, the average re%ﬁc’?- different target positions.

lution is 5 minarcs. The subject’s head was stabilized by a chin rest

and a head tie to reduce drift and head movements. With this hdag SYL TS

stabil_ization, the ba;eline drift dld not excegd 20_minarcs _overEye movement Components and EMG responses during b
20-min period. Despite these previously mentioned inaccuracies, t

can be neglected for the purpose of this study, in comparison to the

search coil method (Collewijn 1975; Robinson 1963), the use of In all subjects measured, disconjugate obligue eye mo
magnetic fields and the absence of wires makes this electromagngtients accompanied spontaneous, voluntary, and reflex bl

Goor 1974), simultaneously with recording of eye and eyd

o calibrate the positions of both eyes, at the beginning of ead®
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ing. Trajectory profiles in Fig. A at straight-ahead position latencies are plotted of the first eye position deflectisf.(L°).
demonstrated that the oblique movements of both eyes duriith increasing stimulus intensity, latencies of the late ¢
voluntary blinking were directed nasally and downward. Denovement component all decreased fron80—-90 ms to

pending on the gaze position before blinking, the amplitude30—40 ms. When the stimulus intensity was approximatg

and direction of the eye movements during blinking varied itwo to three times above the threshold value of mA,
a systematic fashion. Concurrent with the increase of upwasdncurrent with the ipsilateral early, Rlink reflex response in
gaze, the downward directed vertical component increasdéide OO muscle, the ipsilateral early eye movement compon
With abduction the nasally directed horizontal component abuld be observed; the response showed either a late corn
eye movement increased during blinking. AL0-20° down- nent or both an early and late component. Because of
ward gaze and 10—-20° in adduction, the eye movements durjrgsence of either one or two components at 10 and 15 m4
blinking were at minimum. Electrical stimulation of the suthetop left panelof Fig. 3B[E,(OS)], this results in 2 distinct
praorbital nerve elicited eye movements as well as blinks (Figtency values. At 20 mA there are always two compone
1, B andC). Under all conditions (Fig. 1A—C) the beginning resulting in an early latency value only. The latencies of tf
of the trajectory is quite straight compared with the end. Afterarly component decreased from25 to 15 ms, when the
the turning point (reverse of direction and velocity) trajectoriestimulus increased from 10 to 20 mA.
become curved, and at the end of the blink the eye slowly drifts
back to the initial position. Comparison of Fi With Fig. 1C | 5tencies of eye movements, eyelid movements, and EMC
shows especially ipsilateral to the side of stimulation, that Wltfl'ésponses
high stimulus intensity return trajectories become more curved,
indicating larger differences between profiles and phases ofTo determine more definitively the time relationship b
horizontal and vertical components. tween eye movement and eyelid closure during blinking,
In Fig. 2 components of horizontal and vertical eye movenultaneously movement of the upper eyelid was recorded
ment during electrical stimulation are shown together wittour healthy subjects by placing a specially designed sea
simultaneously recorded EMG activity of the orbicularis ocukoil on the outer surface of the upper eyelid. Figuré& 4ndB,

muscle in the same subject as Fig. 1. The examples shown h&rews the right eye movement, the right eyelid movement, &

illustrate for right as well as left side stimulation the differencthe EMG activity of the left and right OO muscles in respon
in response profiles between high and low current. During &l a stimulus current intensity of 8 mA Bubject F1Figure 4,
conditions eyes were in straight-ahead position before blink-andB, represents the data for left and right side stimulatid
ing. Only with stimuli of near supramaximal intensity or higherespectively. The Rblink reflex response in the OO muscl
an R, blink reflex response occurred in the OO muscle-ipsalways preceded eye and eyelid movements. Eye movem
lateral to the side of stimulation with a latency 6fl0—-12 ms slightly preceded eyelid movement. A small early componsg
(seetop left panelof Fig. 2Aandtop right panelof Fig. 2B). of right eye movement could be seen with right supraorbi
Concurrent with this R blink reflex response, a small earlynerve stimulation.
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component in the eye movement was observed with a latencyFigure 5,A andB, shows the eye and eyelid movement ands

between 15 and 20 ms. This early eye movement compondre EMG responses at a stimulus current intensity of 20 mA

can also be observed in the trajectories of Fi@. Both in Fig. the same subject as in Fig. 4. In comparison with the resporsg

1B as well as in Fig. 1C, the data samples of the first 30 nskown in Fig. 4,A andB, all responses had larger amplitudsg
after electrical stimulation are plotted with bold symbols. l&and shorter latencies. The, Blink reflex response and the
there is no movement during this first 30-ms period, the samarly component of the eye movement ipsilateral to the side
ples plotted with bold symbols coincide to one symbol (astimulation are clearly present now, although the early co
shown in Fig. 1B) both for the right and the left eye. Howeveponent is still rather small in comparison to the late compon
when ipsilateral to the side of stimulation there was a smalf the eye movement. Remarkably, FigB Shows an early
movement during the first 30 ms a trajectory of bold samplesmponent also in the eyelid movement, which before eys

R

1%

4% ArepIqe4aio T8

is observed (Fig. 1C, right panel). Comparison of the boldosure shortly appeared to open the eye to a slightly greaggn

samples during the first 30-ms period between the left eye asheree. This latter component coincided with the start of the
the right eye shows that ipsilateral to the side of stimulation think reflex response. The calculated eyelid velocity, al
eye already has moved. Furthermore, thebRnk reflex re  shown in Fig. 5Bdemonstrates this more clearly. The laten
sponse started 10—20 ms earlier than the late component ofdhé¢he late component of the eyelid movement in this subj
eye movement. This can be observed in FigAZand B, by was found to be significantly larger than the latency of the |
comparison of,, andE, with OOg,,s contralateral to the side component of the eye movement, irrespective of the stimu
of stimulation. current (see Figs. 4A andB, and 5,A andB). The latency of
Figure 3 represents for another subject peak to peak ampiie early component of the eyelid movement appeared to
tudes (A) and latencies (B) of left and right eye movemeslightly shorter than the early component of the eye movem
responses with varying stimulus intensity during left side stinfsee Fig. 5B).
ulation. Initial eye position for all responses was straight ahead.Relationships between the stimulus intensity and latencie
When the stimulus intensity increased from 5 to 20 mA, thhe eye movement and the latencies of the eyelid movement
peak-to-peak amplitude of the horizontal movement of the lgftotted in Fig. 6Afor the same subject as in Fig. 5 and fq

eye [E,(OS)] increased from 1° te-6°, and the peak-to-peakanother subject in Fig.B Both the early and the late compof

amplitude of the horizontal component of the right eyaents are depicted. With increasing stimulus intensity the
[E(OD)] and of the vertical components of [ef£[[OS)] and tency of eyelid movement tended to decrease with a sim
right eye [E/(OD)] increased from 1° to~3°. In Fig. 3B course as the latency of eye movement. At a stimulus inten
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FIG. 1. A: voluntary blinking trajectories
for both eyes are shown isubject M3.The
initial eye position was varied across 25 gaz
positions. Trajectories of the left and the
right eye during the same blinks are shown &
corresponding gaze angle lieft panel(OS)
andright panel (OD), respectively. The let-
ters U, D, L, and R placed at the arrows i
the middle indicate up, down, left, and right
respectively. Trajectories of both eyes durin
electrical stimulation of the supraorbital
nerve are also depicteB.andC: eye move-
ments insubject M3during reflex blinking at
a left side (OS*), low current 4-mA stimula-
tion, and at 20-mA high current stimulation
of the right side (OD*), respectively.
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FIG. 2. Horizontal (F) and vertical (E) eye movement components and electromyogram (EMG) of the orbicularis oculi
(OO0c\e) of left eye (1stand3rd panel) and right eye (2ndnd4th panel) forsubject M3are shown. Upward deflections relate
to rightward eye movement for the horizontal component or upward eye movement for the vertical comfiotiensupraorbital
nerve of the left eye (OS*) was stimulated with a current of 16 rop @2 panels) and 4 mAbpttom 2 panels), respectivelB:
the supraorbital nerve of the right eye (OD*) was stimulated with a current of 20 mA (top 2 panels) andbttghn(2 panels),

respectively.

of 10—15 mA ipsilateral to the side of stimulation, the latencyhe similar eyelid/eye movement latency relationship is cleal
decreased discontinuously due to the switch from late to eadgmonstrated by the difference latency between upper ey
component. Therefore the mean latencies of the contralataralvement and the concomitant horizontal and vertical g
late component, connected by the dashed line, is also depictedvement component as depicted in Fig.A%C, for three
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FiG. 3. Relationship between stimulus intensity and amplitude (A) of eye movement responses of horizg¢o) Enhd
E,(OS)] and vertical components [OD) andE,(OS)] for subject M5are shown. Upward deflections relate to rightward eye
movement for the horizontal component or upward eye movement for the vertical component. The relationship between stimulus
intensity and latency (B) of eye movement responses of horizontéD[® andE, (OS)] and vertical components [€©D) and
E,(OS)] for this subject are shown in Fig. 3B. Data are obtained following stimulation of the left supraorbital nerve indicated by

the asterisk. Note the occurrence of an early component itoghéeft panelof Fig. 3B.
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Fic. 4. Forsubject F1,depicted fromtop to bottom: horizontal [E{{OD)], vertical [E,(OD)] eye movement of the right eye,
upper eyelid movement [Lid(OD)] and upper eyelid velocity [J¢OD)] for the right eye and EMG of the right orbicularis oculi
[OOgmc(OD)] and the left orbicularis oculi [OQ,s(0S)]. Several responses after electrical stimulation of kftand right (B)
supraorbital nerve with an 8-mA current are superimposed. Upward deflections relate to rightward eye movement for the horizontal
component, upward eye movement for the vertical component and upward movement or upward velocity of the upper eyelid.

different subjects. The horizontal dashed lines in Fig. 7 repreflateral late eye movement component was 42.8.4 ms.
sent the mean of all data points, and they demonstrate that, wilso at supramaximal stimulation, mean latency of the |z
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respect to the early component, the eyelid movement slighttlgmponent of eyelid movement for four subjects was 49.4
seems to precede the corresponding horizontal and vertical 6y® ms. The dependency on stimulus intensity of the |
movement for two out of three subjects. With respect to the laggmponent of eyelid movement as well as the late compo

component, eyelid movement for all three subjects does initigge eye movement were compared for four subjects. Eyeid

on average 5-10 ms later than the corresponding eye moMgsvement latency and eye movement latency appeared t
ments. There are minor latency differences between the me@gpghly correlated (> 0.9; P < 0.001), and the mean differ

of horizontal and vertical components. ence in latency between eyelid and eye movement was app
imately constant and independent of stimulus intensity. R
Statistical analysis gardless of stimulus intensity, the late component of ¢

movement occurred an average of 8:2.0 ms earlier than the

A statistical analysis was performed on the various latencilege component of eyelid movement. This latency delay K
for all seven subjects. The latency of horizontal and verticaleen eye movement and eyelid movement was much sma
eye movement as well as the latency of the eyelid movemehan the total range~40 ms) across which the individua
and latencies of the Rand R, responses were determinedatencies varied as a function of stimulus intensity (see a
interactively by computer with a marker. No statistically sigFig. 6, A andB).
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nificant difference was found between the mean latency of theFinally, the R blink reflex response of the OO muscl
horizontal and the mean latency of the vertical eye movemaltvays preceded both the late component of the eye move

responses, and therefore the latencies of horizontal and vertevadl the downward eyelid movement. The delay between thg R
eye movement responses were pooled. At supramaximal stislink reflex response and the downward movement of the
ulation, mean latency of the ipsilateral early eye movemeayelid depended on the stimulus intensity and varied amgng
component was 14.6 3.4 (SE) ms, and mean latency of thesubjects. At low current (slightly above threshold) this delay

en
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Fic. 5. Similar responses of the same subject as in Fig. 4, however, now the current intensity for bath defd fight (B)
supraorbital nerve stimulation is 20 mA. Arrows in thight columnindicate the start of the early component.

E,(OD) £,(0D) Lig(0D) ranged from 20 to 35 ms. At high current (about supram
A =] . . o mal) the mean latency for four subjects of the Bink reflex
T *§ ’:‘xi o response was 30.4 2.3 ms. So the delay between Blink
5; el A reflex response and late component of eyelid movem
HE * (49.4 = 5.8 ms) on average for four subjects is £98.1 ms.
» : 2, . .
v ' iy DISCUSSION
]
o ® "= = o w  » =0 w© = » General findings and comparison with earlier studies
X Lote
® Eary Eye movements accompany eyelid movements during spon-
B *]j " & 7 Gereeteel - taneous, voluntary, and reflex blinking. In all healthy subjects,
T wl § x * trajectories of these eye movements across various gaze djreg
T | oeex L i tions demonstrate similar patterns of downward and nasalward
g N T x KT eye movements regardless of type of blinking. An increase] of
3 * ., . . upgaze before blinking increases the downward directed Jer-
* ! i * ey : tical component, whereas an increase of abduction before
o . i blinking increases the nasally directed horizontal component of
° e ® w0 w2 x o0 w » % aya movement during blinking. These results are for straight-
Stimulus Current (mA) ahead eye position in accordance with findings of Collewijn|et
al. (1985) and for various gaze directions in agreement with fhe
Fic. 6. Forsubject F1(A) andsubject M3(B), the latency of the early (X) results of Riggs et al. (1987) during voluntary and spontaneus

and late ¢) responses of the horizontal component({BD)] and vertical
component [E(OD)] of the eye movement and the movement of the upp
eyelid [Lid(OD)] are shown. Dashed line depicts the average of the respo
latencies of the contralateral side.

/102 ‘ST Arenig@- uo T 022 0T Aq /610°ABojoisAyd-uly/:dny woly papeojumoq

flinking. At ~10-20° downward gaze and 10-20° in addug-
di@n, eye movements during blinking were at minimum. The
latter finding is in accordance with psychophysical results |of
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., Lid=E,(0D) Lid—E,(OD) eye globe returns to the initial position with an accuracy pf
A 0] 1 ~1-2°. Thus the total period that the eye moves during blink-
ing subtends~100-200 ms. Consequently, this should imply
Early that at the end of the blink, during opening of the eyelid, the
1. s 0 . 0 eye returns to the initial eye position by active contraction fof
. ! - the extraocular muscles rather than by a passive movement
The latter should rotate the eyes more slowly to the position
.. s ° before blinking with a time constant 6200 ms (Robinson
. [}
|1—-;--|—-- 1981)'. o .
. Late Which extraocular muscles are inhibited or (over)activatpd
and to what degree during blinking cannot uniquely derived
. from the eye movements. In alert rabbit, Evinger and Manning
° 0 * Stimulus Current (mA) » "’ (1993) measured EMG activity of extraocular muscles duripg
B 201 207 reflex blinks and found that all extraocular muscles with the
. exception of the superior oblique were activated. In alert caf, it
. Early was reported (Delgado-Garcia et al. 1990) that 10% of the
o1 . antidromically identified abducens motoneurons ipsilateral
the side of air-puff stimulation were active. Simultaneoli
recordings of motoneurons located in other oculomotor nud
zo} 2 were not performed. In human, concurrent with the nasalwagl
. i s s ar_1d .downward_ movement at §traight—ahead posi'tion dur] ;E
t;i' -3 "3! . bt e blinking, there is also a retraction of the eyes (Evinger et
e

Lotency (ms)

207 207

Lotency (ms)

. o1 1984) together with an extorsion (Straumann et al. 1996).
the study of Evinger et al. (1984), it is suggested that coc®

» » traction of several or all of the extraocular muscles retracts
C o0l 4o o eyeball into the orbit, secondarily rotating the eye toward so
primary rest position. The latter study also demonstrated Vi
orous burst of activity during blinking both in rabbit superig
rectus and inferior rectus. An EMG study by Esteban
Salinero (1979) demonstrated in man during spontaneous
reflex blinking a reciprocal activity in the levator palpebr
muscle and the superior rectus muscle. Whereas in the le
palpebrae a brief inhibition was observed that abruptly ende4,
in the rectus superior a brief phasic overactivation was sgeB.
Furthermore, Bratzlavsky and Van der Eecken (1975) fourd
evidence for the presence of a 10- to 20-ms duration re @
by o P Py bs o o P response in lateral rectus muscle, 24-30 ms after electrjcal
Stimutus Current (mA) supraorbital skin stimulation. This reflex was not observed|ig

Fic. 7. For the early and late responses, measuredbiject F1(A), subject the medial rectus. To obtain a more definite picture of t
M3 (B), andsubject MS(C), the difference between the upper eyelid movemergocontraction of extraocular muscles during blinking in mgng.
and the horizontal eye movement LId(OD)Eh(OD) in theleft panelsand the Simu|taneous motoneurona' recordings in different Ocu|om0 (i 8

difference between the upper eyelid movement and the vertical eye move ; : ; ; 2
Lid(OD) — E,(OD) in theright panelsare shown. Differences are calcuIatercrilr(-mtcIeI particularly in monkey would be required. Howevef

from the same data as shown in Fig. 6. Horizontal dashed lines indicate {lOWINg the previous findings and the present results, yvt
average of all data points of each figure. suggest that during spontaneous, voluntary, and reflex blinking

a brief concurrent overactivation of both the superior a

Ginsborg and Maurice (1959) reporting minimum eye rotatioinferior rectus muscles occurs. This cocontraction of the vgf™
during blinking by looking slightly downward and-10° in- tical recti explains the retraction of the eyeball into the orbit.
ward. This study now demonstrates that similar patterns of eyessibly stronger phasic contraction of the inferior rectus than
movements also exist during reflex blinking particularly at lowhe superior rectus in straight-ahead position may account|for
current stimulation. the depression of the eyes. As a tertiary action both the oyer-
activation of the superior rectus and inferior rectus may explfin

Neural activation of extraocular muscles versus passive 2t least partly the adduction of the eye in straight-ahead pgsi-
movement of the eyeball tion. It is not clear how much the lateral rectus muscle activity,
as observed by Bratzlavsky and Van der Eecken (1975),[re-

How is the neural activation of the auxiliary extraoculaduces the nasalward directed component introduced by |the
muscles that leads to this characteristic eye movement pattiriiary action of the vertical recti. Because it is assumed that
during different types of blinking? Figures 4 and 5 demonstrateiring blinking in straight-ahead position the phasic contractile
that the eyeball deflects from its gaze position before blinkirfgrce of the inferior rectus is somewhat stronger than that of the
almost with the same velocity as it returns back to the initigluperior rectus, the secondary action of these vertical recti
gaze position. Furthermore, irrespective of stimulus curreoverall may lead to extorsion. In summary, an extra cocontrac-
amplitude, within~150-200 ms after electrical stimulation theion of the inferior and superior rectus muscle during blinkirjg
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would be sufficient to give a simple explanation for both eyponents of eye movement and eyelid movement, although 4
retraction and eye rotation in the horizontal, vertical, andcrease with stimulus strength. The origin of these small eg
torsional plane. As a consequence, the fast return to the dysilateral components is unclear. Based on their latencies,

position before blinking might not be explained by activéikely that the early components of eye and eyelid movemgnt

contraction of the extraocular muscles. On the contrary, thee not generated in the brain stem. The reason for that i
passive elastic force of the eyeball and surrounding tissue tfatows. In our control group the folink reflex response in the|

is provoked by an extra cocontraction of vertical recti and tH@O muscle on average precedes the beginning of the eyelid

concurrent translation of the eyeball back into the orbit migletosure by 19+ 8.1 ms (Evinger 1995). Consequently, th

account for this fast return to the initial eye position. During adelay between the start of the inhibition of the tonic activity pf

almost pure rotation, which occurs for instance during satfte motoneurons of the levator palpebrae muscle and the

cades, this translational force is absent. Our results and #ting downward movement of the upper eyelid should also

hypothesis about the exerted forces of the different extraocuégproximate 19+ 8.1 ms. Levator palpebrae muscle ar

muscles in fact gives support to the idea of Evinger et axtraocular muscle activities that are responsible for the early

(1984) that eye rotation, as observed during blinking, might lmemponents of eye and eyelid movement therefore have
secondary to eyeball retraction. precede these movements by a period ranging from 10.9

27.1 ms. However, the latency of the early components of ¢ye

and eyelid movement on average is found to-bk5 ms. This
implies that with respect to these early components at m3
To what degree the extraocular muscles are activated andm there is 4 ms left for neural conduction and/or delays.

Gaze dependency of eye movements during blinking

whether this activation pattern depends on the position of tfet, the early components probably could be a result of dirpf

eyeball in the orbit also remains ambiguous. A first possibéetivation by the electrical stimulus of the extraocular muscl
explanation may be that activation and/or inhibition of th@nother argument against neural generation within the br
different extraocular muscles during blinking always occurstem of these early components is that they are not bilateral
with the same degree independent of gaze position beféras been shown by Stava et al. (1994) bilateral gating meg
blinking. The change of the eye movement trajectory deperahisms regulate blink duration. Motoneurons also project

chr
ing on gaze position during blinking then may be simpljaterally (Schmidtke and Biittner-Ennever 1992) to the leval&t
e

explained by the plant characteristics. This means that thelpebrae muscles of the left and the right eye. Thus
systematic change of amplitude and direction of the eye movpsilateral early components of eye movement and eye

ment as a function of gaze position is caused by the fact that thevement, occurring at higher stimulus intensities, are prole

degree of passive elastic forces of the extraocular muscles @bty caused by a direct electrical stimulation of the mot
the ocular tissue depends on muscle-length and gaze positimarves of the extraocular muscles or of the extraocular mus
In combination with a constant neural activation of the muscléself, ipsilateral to the side of stimulation. The observed ea
independent of gaze position, this may explain the characteansient opening of the eyelid before a blink could result frg
istic eye movement pattern as shown in Fig. A5C. An activation of Miller's muscle (Small et al. 1995). Howeve
alternative but more improbable explanation may be that thiller activation gives rise to bilateral eyelid raising, where
neural activation of the extraocular muscles varies with gaser results demonstrate unilateral eyelid opening before ey
position before blinking. This could imply that before blinkingclosure.

the gaze position has to be stored (neural integrator) and fed

pack to the neural motor comm'ar)d. to explg!n hovy a}ﬂer b"nlﬁommon origin and neural substrate for eyelid and eye
ing the eyes come back to their initial position within a quitg, o\ ements

high accuracy. An interaction between the blink generating

neural structures and the saccadic system, which has an acc@ecause the mean latency difference (8.3.0 ms) between
rate position control mechanism via an internal feedback lotise late eye movement components and upper eyelid closur
(Robinson 1981), could account for this kind of neural inteaot change significantly across the range of various stimu
grator. However, this last hypothesis requires in fact a quit@rrent intensities, this probably reflects a conduction and
complicated neural control for an eyelid movement. synaptic delay. Moreover, the late component of eye mo
ment always precedes the upper eyelid closure, which n
imply that ascending projections from the trigeminal compl

Origin of early component of eyelid and eye movement Y
first reach some of the motoneurons of the extraocular mus
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During the electrically elicited blink reflex previous to theof the eye and subsequently the motoneurons of the lev

bilateral late eye movement component, a new, unilateral eapglpebrae muscle. Nevertheless, it is possible that vascoelasti¢
eye movement component can be identified with higher ciyproperties of the upper eyelid make it react more slowly |to

rents. Another new finding is that during reflex blinking thenuscle activation than eye movements. The fact that

upper eyelid shows an early component before eyelid closum®vements are initiated first again emphasizes that dufing

that appears to open the upper eyelid to a greater degbfieking these movements cannot be due to mechanical fo
concurrent with the presence of the early eye movement coaf-the upper eyelid movement but rather are of neural orig
ponent, ipsilateral to the stimulation side. Latencies of the ea®milar latency decrease for both eye movement and eys
component of eye movement are found to be 1#.8.4 ms, movement with increasing stimulus intensity indicates th
and the early component of eyelid movement are not signifikey probably have the same origin, i.e., the sensory thresh
cantly different from these values. Amplitudes of the earlgnechanism of the trigeminal neurons.

components are always significantly smaller than the late com-Of further interest now is the anatomic framework in th

tor
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brain stem that may explain the combined rotational and transWe are grateful to M. Hettema and A. Swaneveld for help with dg
lational movement of the eyeball and the eyelid closure duriRgcessing.

L . . . . Address for reprint requests: L. J. Bour, Dept. of Neurology/Clinical Ne
blinking. Previous studies (Aramideh et al. 1997; Cruccu et hysiology H2-222, Academic Medical Centre, University of Amsterdal

1987; Evinger et al. 1991; Kugelberg 1952; Ongerboer GQgsibergdreef 9, 1105 AZ Amsterdam, The Netherlands.

Visser and Kuypers 1978; Pellegrini et al. 1995; Shahani 1970) o

have shown that in humans the central pathway, for the R1 dffgeived 16 March 1999; accepted in final form 14 September 1999.
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