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Abstract Voluntary eyelid closure and smiling were
studied in 11 normal subjects and 11 patients with long-
term unilateral facial nerve palsy (FNP). The conjugacy
of eyelid movements shown previously for blinks was
maintained for voluntary eye closures in normal sub-
jects, with movement onset being synchronous in both
eyes. Bilateral onset synchrony of the sides of the mouth
was also observed in smiling movements in normal
subjects. In FNP patients, initiation of movement of the
paretic and non-paretic eyelids was also synchronous,
but markedly delayed relative to normal (by
136 ms =32%). The initiation of bilateral movements at
the mouth was similarly delayed, but in contrast to the
eyes, it was not synchronous. Central neural processing
in the FNP subjects was normal, however, since unilat-
eral movements at the mouth were not delayed. The
delays therefore point to considerable additional infor-
mation processing needed for initiating bilateral facial
movements after FNP. The maintenance of bilateral
onset synchrony in eyelid closure and its loss in smiling
following FNP is an important difference in the neural
control of these facial regions. Bilateral conjugacy of
eyelid movements is probably crucial for coordinating
visual input and was achieved apparently without con-
scious effort on the part of the patients. Bilateral con-
jugacy of movements at the sides of the mouth may be
less critical for normal function, although patients
would very much like to achieve it in order to improve
the appearance of their smile. Since the everyday fre-
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quency of eyelid movements is considerably greater than
that of smiling, it is possible that the preserved eyelid
conjugacy in these patients with long-term FNP is
merely a product of greater experience. However, if
synchrony of movement onset is found to be preserved
in patients with acute FNP, then it would suggest that
eyelid conjugacy has a privileged status in the neural
organisation of the face.

Keywords Facial paralysis - Facial expression -
Reaction time - Neuronal plasticity - Eyelids

Introduction

The face plays a major role in interpersonal communi-
cation. In patients with unilateral facial nerve palsy
(FNP), reduced control of facial movements, such as
marked asymmetry of smiling, can lead to difficulties in
the expression of emotion that adversely affect quality of
life (Coulson et al. 2004). The eyes are also affected and
paresis of the eyelid on the affected side can result in
inadequate corneal coverage. Problems arising thereafter
can range from slight ocular irritation to corneal ulcer-
ation, perforation and blindness (May and Schaitkin
2000). Such difficulties at the eyes and mouth are most
frequently the reason that patients present for facial
rehabilitation following FNP and the present findings
emerged from a clinical trial of such rehabilitation.
Voluntary eye closure and smiling were studied. Previ-
ous research studies examining eyelid movements fol-
lowing FNP have focused on blinks. There has been
little study of voluntary reaction times (RTs) for eyelid
movements or smiling following FNP.

Normal eyelid movements are highly conjugate in
nature. During blinks the movements of both eyelids are
tightly controlled with respect to their onset time, offset
time, amplitude, peak velocity and duration (Stava et al.
1994). Without such closely conjugate movements, the
evolutionary advantage of binocular summation and
fusion, and of the retrieval of depth information from
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binocular disparity (McNeill 2003; Barton 2004), would
be significantly reduced. Other factors in evolution
favouring conjugacy in eyelid movements may have been
the need to mediate the brief suppression of vision in
both eyes during blinks and saccades (Chekaluk and
Llewellyn 1992), and, because of their proximity, the
need for both eyes to be simultaneously protected when
physically threatened. Eyelid movements are also highly
adaptive in that the nervous system can modify the
inherent relation between the magnitude of a blink-
evoking stimulus and the magnitude of the reflex
response in order to compensate for internally or
externally imposed perturbations (Evinger and Manning
1988). Modification of neurons in longer latency, poly-
synaptic reflex pathways appears to underlie these
adaptive processes.

Adaptive changes in control of blinks are of partic-
ular interest in patients with FNP. Following damage to
the facial nerve, there is a reduction in the magnitude of
orbicularis oculi contraction and a decrease in blink
amplitude, with slowing of the peak closing velocity,
producing a lag of the paretic eyelid (Sibony et al. 1991;
Huffman et al. 1996). However, kinematic changes occur
bilaterally, so that the non-paretic eyelid is also affected.
Bilateral increases in main sequence slope (the linear
relationship of blink velocity vs. amplitude) suggest that
the drive to both orbicularis oculi muscles is increased to
compensate for weakening of the affected eyelid (Sibony
et al. 1991; Huffman et al. 1996). These bilateral changes
are thought to represent an expression of Hering’s law of
equal innervation (Hering 1942) as it pertains to orbic-
ularis oculi (Sibony et al. 1991) and levator palpebrae
superioris (Gay et al. 1967). Importantly, compensatory
changes following FNP are correlated with the level of
paresis and are reversed with recovery of strength
(Huffman et al. 1996; Syed et al. 1999), suggesting the
continuous operation of adaptive control systems that
adjust motor output to muscle response. The neural
substrate for this adaptation is thought to be altered
synaptic efficacy of interneurons in brainstem pathways
(Nacimiento et al. 1992; Huffman et al. 1996; Syed et al.
1999).

The present study reports data from digital video
recordings made in a clinical setting (Coulson et al.
2006a, b), where the magnitude of most effects observed
greatly exceeded the temporal resolution of the video
measurements (40 ms). The RTs for voluntary initiation
of bilateral eyelid and mouth movements were found to
be markedly delayed in FNP patients relative to normal
subjects. The preparation of these voluntary movements
therefore required time-consuming processing, which
points to extensive central neural re-organisation fol-
lowing the peripheral lesion. Whereas, the onset of
movement was ostensibly concurrent on the paretic and
non-paretic sides at the eyes, however, this was not so at
the mouth. Consequently, conjugacy was found to be
preserved in the initiation of eyelid but not mouth
movements, showing that the imperatives of neural

re-organisation differ significantly for these two areas of
the face.

Method

Eleven subjects with FNP greater than 1 year post onset
(mean 8.5 years) and 11 age- and sex-matched controls
(mean age 48.5 years, 3 males, 8 females) participated in
the study. The aetiologies of FNP were Bell’s Palsy (2),
surgical removal of vestibular schwannoma (8) and fa-
cial nerve neuroma (1). The most widely used system for
grading patients after facial nerve paralysis is the House
Brackmann Facial Grading System, which categorises
patients into six grades according to the severity of facial
deficit (House and Brackmann 1985). The House
Brackmann grades for the subjects in the present study
were Grade II (one patient), Grade III (five patients) and
Grade 1V (five patients). These grades represent a range
from mild to moderately severe dysfunction. All proce-
dures were approved by The University of Sydney Hu-
man Ethics Committee and conformed to the
Declaration of Helsinki.

The focus of the clinical trial for which these data
were collected was the asymmetry of smiling following
FNP, since this asymmetry was of particular concern to
the patients. Eyelid movements were included for com-
parison with movements at the mouth. Three move-
ments were studied: voluntary bilateral eye closure, a
bilateral smile and a unilateral smile. The smile was
naturally bilateral in the control subjects, but it was
asymmetrical and largely unilateral in FNP subjects, due
to their unilateral paresis. Therefore, in order to obtain
both a bilateral and unilateral smile from each group,
the FNP subjects also produced an attempt at a sym-
metrical, bilateral smile; while for comparison, the
control subjects also produced an asymmetrical, unilat-
eral smile. The bilateral smile by the FNP subjects
constituted baseline performance of a symmetrical smile
which was to be improved in the clinical trial. Standard
instructions for clinical assessment were employed for
eyelid closure: ‘“‘close your eyes, do not close them
tightly, simply close them”; and for the smile: “smile”.
The instructions for the bilateral smile in the FNP
subjects were: “‘smile evenly on both sides of your
mouth’’; while the instructions for the unilateral smile in
the control subjects were: “smile on one side of your
mouth only”. The side chosen for each control subject
was the same as the affected side of the FNP subject with
whom they were matched.

A digital video camera (Canon MVXI150i) was
mounted on a tripod, with a panel containing a red, a
green and a blue light attached near the lens. The sub-
jects were seated facing the camera and next to a mirror,
so that the coloured lights were reflected and recorded
on the videotape. Each of the facial movements was
allocated to a light colour, the allocation being ran-
domly-determined and also randomised across the



subjects, who had been screened for compromised col-
our vision prior to the study. The subjects were then
asked to immediately produce the designated facial
movement in response to illumination of the lights. The
movements were thus produced as a three-choice RT
task in both groups. The order of movements was
randomised for each subject. Following practice trials
with each light colour/movement combination, five trials
of each movement were collected. To test for repeat-
ability of the measures, data collection was repeated
under identical conditions 2 weeks after the first session.

Data were captured at 25 frames per second. The
magnitude of the most important experimental effects
observed was several multiples of the resulting 40 ms
temporal resolution. The hardware (Matrox Millen-
nium P650 Display adapter, Matrox RT.X100 Xtreme
video capture and edit card) and software (Adobe
Premiere Pro v7.0 video capture and edit software) for
the digital video analysis provided clear and stable
images without blurring, the ability to freeze a single
frame for indefinite intervals, and simple forward and
backward frame transitions. RTs from onset of col-
oured light to onset of movement were measured sep-
arately for each eyelid and each corner of the mouth.
The onset of movement was defined as the first video
frame in which a change from the previous frame was
detected at each location. Movement time (MT) from
onset to completion was also measured for the eyelids
only, in order to document the lag of the paretic eyelid.
The completion of movement was defined as the first
video frame in which no change from the previous
frame was detected. All measurements were made by a
single experimenter (SEC).
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Analyses of variance (ANOVAs), with one group
factor and four repeated measures factors, were
employed to compare the RTs for eye closure and smiles
and MTs for eye closure between the FNP and control
groups. The respective factors in the 2x3x2x2x5 ANO-
VA of RTs were group (control, FNP), movement task
(bilateral eye closure, bilateral smile, unilateral smile),
side (left and right in control group; non-paretic and
paretic in FNP group), data collection session (1, 2) and
trial (1, 2, 3, 4, 5). Since no significant differences were
found between sessions or trials, only the results for
groups, movement tasks and sides are presented.
Between or within subjects contrasts were employed
as appropriate to assess differences between levels of
individual factors.

Results

Comparison between the two eyes in each subject
showed no differences in RTs in either group, within the
temporal resolution of measurement (Fig. 1: bilateral
eye closure). In fact, for both eyes in both groups, the
initiation of eyelid movement always occurred in the
same video frame, with not a single exception out of 110
trials per group. However, the RT was prolonged in the
FNP group by 136 ms (F; 5 =18.1, P<0.001)—a 32%
increase.

The initiation of movement at both sides of the
mouth in the bilateral smile also always occurred in the
same video frame in control subjects, but not in the FNP
subjects. The RT was again prolonged in FNP subjects
(F120=10.2, P<0.01), by 165 ms on the non-paretic
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Fig. 2 Distribution of RT differences between paretic and non-
paretic side during a bilateral smile in FNP subjects. A positive
difference means a longer RT on the paretic side

side and by 199 ms on the paretic side—a mean 36%
increase (Fig. 1: bilateral smile).

The small difference (mean 34 ms) between the sides
of the mouth in initiation of the bilateral smile in the
FNP subjects (F10=13.2, P<0.01) was less than one
video frame on average (Fig. 1). The distribution of
these differences in RT between the paretic and non-
paretic sides was examined (11 subjectsx2 data collec-
tion sessionsx5 trials =110 trials). The RTs were longer
on the paretic side in 54 trials, about the same (i.e., in
the same video frame) in 31 trials, and shorter on the
paretic side in only 25 trials (Fig. 2). Thus, the non-
paretic side generally led in attempts to produce sym-
metrical onsets.

The initiation of a unilateral smile revealed no dif-
ference in RTs between control and FNP subjects
(F120=0.33, P=0.57). This confirms that central neural
processing was unaffected in the FNP subjects (Fig. 1:
unilateral smile).

As can be seen in Fig. 1, in the control group, the RT
was shorter at the eyes (mean 425 ms) than for bilateral
or unilateral smiles (F};0=13.4, P<0.01), which had
similar latencies (means 507 and 504 ms). In the FNP
group, the RT was also shorter at the eyes than for the
bilateral smile (means 561 vs. 689 ms, respectively;
Fi10=9.5, P<0.01); but in contrast to the control
group, the RT was longer at the eyes than for the uni-
lateral smile (means 561 vs. 483 ms, respectively;
F1,10: 106, P<001)

Lastly, examination of eyelid MTs revealed no dif-
ferences between eyes in the control group. In the FNP
group, however, downward MT of the eyelid on the
paretic side took over four times longer than the non-
paretic side (means 815 vs. 197 ms; Fj0=61.2,
P <0.0001).

Discussion

Markedly delayed but synchronous initiation of move-
ment of both the paretic and non-paretic eyelids was
observed in a group of patients with long-term FNP. In
contrast, the initiation of bilateral movements at the
mouth was not synchronous across sides, although the
movements were similarly delayed. Bilateral conjugacy
of eyelid movements is likely to be crucial for coordi-
nating visual input, but may be less critical for function
at the mouth, although patients would very much like to
achieve it in order to improve the appearance of their
smile. The patients in this study were entering treatment
to gain a more symmetrical smile, but they had received
no treatment to achieve eyelid synchrony.

Most research on eyelid movements has focused on
blinks. There have been few studies of the less auto-
matic, more consciously controlled, voluntary move-
ments of the eyelids and apparently no reports of
voluntary RTs for eyelid movements. In normal subjects
in this study, it was found that the conjugacy of eyelid
movements shown previously for blinks (Stava et al.
1994) and lid saccades (Wouters et al. 1995) is main-
tained in voluntary eyelid movements. Within the tem-
poral resolution of measurement, both the onset times
and duration of eyelid movements were found to be
synchronous in both eyes.

Previous studies of eyelid movements following FNP
also have focused on blinks. Even in severely affected
cases, conjugacy was found to be preserved in the initi-
ation of spontaneous and voluntary blinks (Huffman
et al. 1996). Both closing and opening phases began
concurrently, although the closing phase terminated
earlier on the paretic side. In our patient group, while
voluntary closure was found to begin concurrently in
both eyelids, we had not set out to collect data on blinks.
Therefore, we re-examined the video tape recordings and
identified ten spontaneous blinks during the data col-
lection sessions in every FNP and control subject. In
every case without exception, the onset of movement of
both eyelids occurred in the same video frame. There-
fore, the conjugacy in initiation of movement appeared
to apply equally to spontaneous blinks and voluntary
eyelid movements. The duration of voluntary eyelid
movement, however, continued for much longer on the
paretic than the non-paretic side, as the patients strove
to complete the closure. Hence, conjugacy was preserved
in the onset but clearly not in the duration of eyelid
closure in FNP patients.

A major finding in the present study was the one-
third increase in the time to initiation of bilateral eyelid
and mouth movements in FNP patients. The non-paretic
and paretic eyelids were equally delayed (136 ms), thus
reinforcing the inherent conjugacy of the movements;
whereas the paretic side of the mouth (199 ms) was more
delayed than the non-paretic (165 ms), thus reflecting
the failure of conjugacy of these movements. There was



no delay for the same subjects when initiating unilateral
movements at the mouth. Not surprisingly, therefore, it
was only with bilateral movements that the difficulty
arose in these patients. The magnitude of these RT de-
lays for bilateral movements, however, is not readily
explained. The mean RTs recorded in the control group
were 425 ms for eye closure and 507 ms for the bilateral
smile. These are typical of values expected for a three-
choice RT task (Hyman 1953) in accord with Hick’s
(1952) law, which states that the RT increases with the
number of stimulus-response alternatives. The addi-
tional delays in the FNP group would themselves
constitute fast, simple RTs (i.e., a RT to only one
stimulus-response alternative). Hence, many synapses
and substantial information processing would be inter-
posed in that interval. It is not clear why this amount of
additional processing is required.

Since synchronous bilateral movements are more
difficult to accomplish following FNP, an increase in the
RT could be expected because more difficult movements
entail additional information processing and hence re-
quire more time for their preparation (Henry and Rog-
ers 1960). It is unlikely, however, that the prolonged
RTs observed are under deliberate, conscious control. It
is well established that a motor response and a conscious
response are two very different things (Jensen 1979;
Castiello et al. 1991). Jensen (1979) asked subjects to
attempt to gradually lengthen their RT and found that
they could not do so. Instead their RTs jumped from
minimum values (~250 ms in his study) to much higher
values, in the range from 500 to 1,000 ms. Therefore, it
does not seem plausible that, following FNP, patients
are consciously controlling the response onsets of the
paretic and non-paretic side to ensure that they occur
synchronously.

It is more likely that the movements of both sides are
controlled as a synergy or coordinative structure (Tur-
vey 1977). Bimanual movements also can be initiated
synchronously and this synchrony is thought to be
produced via central programming of functional
groupings of muscles (coordinative structures) that are
constrained to act as a single unit (Kelso et al. 1979).
Evidence has been presented that homologous lower
limb joints may also be controlled by common motor
programs (Gauffin et al. 1988; Tropp et al. 1995;
Waddington and Adams 1999). If the movements of
both sides are programmed together, then the additional
RT delay could be due to preparation for the increased
MT. In the case of the eyelids, for example, the MT of
815 ms for eyelid closure on the paretic side was mark-
edly increased compared with 169 ms in the control
group. RTs are known to be greatly increased for
movements of longer duration (Klapp and Erwin 1976),
due to the time necessary to prepare the movement
(Schmidt and Lee 1999).

The additional preparation time apparently required
to achieve bilateral synchrony of movement may arise
from the central neural reorganisation that occurs fol-
lowing FNP, which is likely to depend on cortical as well
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as brainstem pathways. Synaptic reorganisation of the
facial nucleus leading to functional changes in crossed
trigemino-facial brainstem reflex pathways has been
implicated in the central reorganisation of reflex blinks
following FNP (Nacimiento et al. 1992), while the cer-
ebellum has been implicated in adaptive gain changes of
eyelid movements (Evinger et al. 1989). Unilateral facial
nerve transection in adult rats has been shown to pro-
duce representational changes in ipsilateral (Toldi et al.
1999) as well as contralateral motor cortex (Toldi et al.
1996). Therefore, functional reorganisation of voluntary
facial movements following FNP is likely to involve
changes in synaptic effectiveness and representational
maps (Buonomano and Merzenich 1998) not only
in brainstem pathways but also in the motor cortex
bilaterally.

The maintenance of bilateral onset synchrony in
eyelid closure and its loss in smiling, despite similarly
delayed movement onsets relative to normal (Fig. 1), is
an important difference in the neural control of these
two facial regions. The conjugacy in the initiation of
eyelid movements was maintained apparently without
conscious effort on the part of the patients. In contrast,
there was a struggle to achieve bilateral conjugacy
during smiling, as evidenced by the differences between
RTs for both sides of the mouth (Fig. 2). In no subject
were these inter-side differences consistent across trials.
However, since the average frequency of normal
blinking is ~1,000 h™' (Huffman et al. 1996), these
patients with long-term FNP would have experienced
considerably more ‘trials’ of eyelid movements than of
smiling. Consequently, it will be of interest to deter-
mine (with finer temporal resolution of measurement)
whether such conjugacy is also present in patients with
acute FNP. If eyelid conjugacy takes time to develop
following FNP, then it might be considered a routine
product of learning and adaptation. However, if eyelid
conjugacy is preserved early following FNP, then it
suggests that it has a privileged status in the neural
organisation of the face. This would be further evi-
dence of the highly adaptive nature of eyelid move-
ments and prompt the question of the neural locus of
the adaptation.
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