Saccade dynamics in peripheral vs
central sixth nerve palsies
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Abstract—Objective: To investigate differences between peripheral idiopathic and central sixth nerve palsies from
brainstem damage by comparing peak velocities and durations of horizontal saccades. Methods: Fourteen patients with
unilateral incomplete sixth nerve palsies caused by idiopathic, presumed ischemic, peripheral damage, 5 with incomplete
central (fascicular) palsy caused by brainstem lesions, and 10 controls were studied. Palsies under 1 month in duration
were designated as acute and those of longer duration were chronic. Among peripheral palsies, five were acute, nine were
chronic. Among central palsies, two were acute, three were chronic. Subjects made * 10 deg horizontal saccades while
wearing search coils. Serial recordings were made in seven patients with acute palsy (five peripheral, two central).
Results: Centrifugal abducting saccadic velocities in the paretic eye were subnormal in both central and peripheral acute
palsies, as anticipated from lateral rectus weakness. In chronic central palsies, abducting velocities in the paretic eye
remained reduced. However, in chronic peripheral palsies, velocities became normal in the tested range of excursion,
within 2 months of onset, despite persisting abduction deficit. Conclusions: Saccade peak velocities are reduced and their
durations are prolonged in the field of action of acutely palsied peripheral and central nerves. Speeds remain reduced in
chronic central (fascicular) palsies, consistent with limited regeneration within the brain. Saccade speeds are repaired in
chronic peripheral palsies, probably by remyelination and axonal regeneration, and perhaps also by central monocular
adaptation of innervation selectively to the paretic eye, in order to drive both eyes rapidly and simultaneously into the
paretic field of motion.
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The study of abducens nerve palsy provides a unique
opportunity to investigate differences in repair prop-
erties between the central and peripheral nervous
systems, since the nerve has a substantial course
both within and outside the brain, where it is vulner-
able to damage. In addition, the abducens nerve only
innervates one muscle, the lateral rectus, so its func-
tion can be readily quantified by assessing the dy-
namic properties of that muscle alone.

Clinical testing of paralytic strabismus empha-
sizes examination of static deviations of the eyes.
Information on saccade performance after sixth
nerve palsy is sparse. Abducens nerve palsy lowers
saccade amplitude and velocity in the direction of
action of the paretic lateral rectus muscle.® The ef-
fects of duration (acute vs chronic) and location (pe-
ripheral vs central) of abducens nerve damage on
saccade dynamics had not been systematically inves-
tigated, nor had the potential of recovery been previ-
ously addressed.

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the May 9 issue to find the title link for this article.

In this study, we investigated patients with uni-
lateral sixth nerve palsy and assessed the saccades
of both the paretic and non-paretic eyes during mon-
ocular viewing with each eye. We studied the effects
of peripheral vs central (fascicular) sites of damage
and duration of the palsy on speed of saccades. The
results indicate that saccadic speed differs between
acute and chronic palsies, and between central and
peripheral damage to the nerve. Preliminary results
have been published as an extended abstract.”

Methods. Clinical assessment and imaging. Nineteen patients
with unilateral peripheral sixth nerve palsy were recruited from
the Neuro-ophthalmology Unit at the University Health Network.
Complete histories and detailed ophthalmic and neurologic exam-
inations were performed, recording the duration and age at onset
of diplopia, the presence or absence of risk factors for ischemia
(diabetes mellitus and hypertension), and associated neurologic
symptoms and signs. We selected only patients with sixth nerve
palsies that did not recover within 1 month of onset of diplopia
and had clinically evident limitation of abduction. Patients with
diplopia of less than 1 month duration were classified as having
acute palsy; all others were designated here as chronic. The mag-
nitude of strabismus was measured using the prism and cover
test. Ranges of duction were estimated independently by two ex-
aminers (A.W. and J.A.S.) who graded the abduction defect as the
estimated percentage of the normal abduction in the other eye.
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Appropriate tests were performed, when indicated, to rule out
myasthenia gravis, thyroid ophthalmopathy, and other orbital dis-
eases, and to detect intracranial lesions.

Serial axial and sagittal T1- and T2-weighted MR images with
gadolinium enhancement were obtained (slice thickness = 5 mm)
for all patients under 50 years of age and those with other neuro-
logic signs. In this investigation, CT images of the head with
contrast were obtained in all patients with ischemic risk factors
and for patients over 50 years of age, although imaging is not our
standard practice for such patients unless the palsy persists after
several weeks. If CT imaging was normal, patients were followed
up after about 3 months. Those without improvement of their
palsy at 3 months and those with an abnormal CT scan were
further investigated with MR imaging.

Ten normal subjects served as controls (5 men; mean age =
49 * 12 years; median age = 55 years; age range = 19 to 69
years). The research protocol followed the tenets of the Declara-
tion of Helsinki and the Ethics Review Board of the University
Health Network and informed consent was obtained from each
participant.

Eye movement recordings. Visual stimuli and experimental
protocol. Participants fixated a red laser spot of 0.25° in diameter,
rear-projected onto a vertical flat screen 1 m away from the na-
sion. Starting in the center position (at eye level in patient’s mid-
sagittal plane), the laser stepped to 10° right, then back to center,
then 10° left, cycling through this pattern 20 times. Head position
was stabilized with an occipital support and monitored by a
search coil taped to the forehead. With one eye covered, patients
were instructed to follow the laser spot as it stepped among posi-
tions. At each position the laser halted for 3 seconds. The target
sequences were then repeated with the other eye covered. To avoid
fatigue, breaks for 1 to 3 minutes were provided approximately
every 2 minutes.

Recordings of eye movement and calibration. Eye positions
were measured by a three-dimensional magnetic search coil tech-
nique, using 6 ft (183 cm) diameter coils field arranged in a cube
(CNC Engineering, Seattle, WA). In each eye, the patient wore a
dual-lead scleral coil annulus designed to detect horizontal, verti-
cal, and torsional gaze positions (Skalar Instrumentation, Delft,
Netherlands). The coils were calibrated on a protractor before
insertion on the eye. Calibration was verified by fixation with each
eye independently (with the fellow eye occluded), which was possi-
ble because saccades were tested within the range of spared duc-
tion of the paretic eye. Horizontal eye movements were tested
with saccades to steps of the laser target. Any coil slippage was
assessed by monitoring offsets in eye position signal during test-
ing. Consistency of calibrated positions after each eye movement
provided evidence that the coil did not slip on the eye. The linear
range for horizontal movement was over 30 degrees. Crosstalk
between dimensions was less than one degree and noise was less
than 0.1 degrees. Positions were calculated using rotation vectors.
Position data were anti-alias filtered using four pole low-pass
Butterworth filters with a corner frequency (-3 db) of 90 Hz and
then digitized at 500 Hz. Data were recorded on disc for off-line
analysis.

Saccade onsets and ends were detected with a 30 deg/second
threshold, which excludes postsaccadic drifts. We used a digital
five-point Savitsky-Golay differentiator® that does not attenuate
until above 75 Hz to compute peak velocity. For each eye move-
ment with a velocity greater than 30 deg/sec, peak velocity was
marked. For each selected peak velocity, the time when eye veloc-
ity surpassed or dropped below 5% of maximum velocity was
taken as the beginning and the end of a saccade. Cursors then
marked the beginning and end of saccades in the corresponding
eye position channel.

Data analyses. Based on clinical examinations and imaging
findings, patients were classified into two groups: those with idio-
pathic, presumed ischemic, peripheral palsy and those with cen-
tral fascicular palsy. Patient characteristics, including age and
abduction deficit (acute vs chronic), were compared using ¢ tests.
For nonparametric data (duration of palsy), Wilcoxon rank-sum
tests were used.

Saccade amplitudes, peak velocities, and durations were ana-
lyzed for the paretic and non-paretic eyes. In all patients, the peak
velocity-amplitude and duration-amplitude relationships in both
the paretic and non-paretic eyes did not differ between viewing
with the paretic or the non-paretic eye. Here we report only the

peak velocity-amplitude and duration-amplitude relationships
during paretic eye viewing; the relationships during non-paretic
eye viewing were similar. Data from patients with peripheral or
central palsy were analyzed by a 3 (between) x 4 (within) nested
repeated measures analysis of variance (ANOVA). The between-
subjects factor was the stages of palsy (acute, chronic, and con-
trols) and the within-subjects factor was the amplitude of saccades
in bins (4 to 6, 6 to 8, 8 to 10, and 10 to 12 deg). For patients who
had serial recordings in both the acute and chronic stages, the
effects of the stages of palsy were analyzed by a crossed design
repeated measures ANOVA. The specific effects of each factor
were analyzed further with post-hoc Sidak tests, with significance
set at p < 0.05 level.

Results. General characteristics of patients. Nineteen
patients (12 men, 7 women) were recruited. Fourteen of
the 19 patients had idiopathic, presumed microvascular
ischemic,® peripheral palsy (table 1). Nine of these 14 pa-
tients were men. All 14 peripheral cases had brain and
sixth nerve imaging; 10 patients had normal MR imaging
and 4 had normal CT scanning (see table 1). Some “idio-
pathic” sixth nerve palsies are associated with brainstem
infarction,'® but despite imaging, we did not identify any
such case. Four patients had identifiable risk factors for
ischemia, namely hypertension or diabetes mellitus. Five
patients were tested within 1 month of symptom onset.
Serial eye movement recordings were performed on these
five patients with acute peripheral palsy at presentation
and at 2 months after symptom onset. The mean duration
of diplopia (at the time of eye movement recording) in
acute peripheral palsies (5 patients) was 3 weeks, whereas
the mean duration in chronic peripheral palsies (14 pa-
tients) was 27 * 24 months. The mean age in acute periph-
eral palsies (n = 5) was 52 = 18 years (median age = 56
years; age range = 30 to 75 years), whereas the mean age
in chronic peripheral palsies (n = 14) was 63 * 10 years
(median age = 64 years; age range = 46 to 77 years).

Five patients had central (fascicular) lesions (table 2).
Two were men. Two patients had a pontomedullary caver-
noma, and another two had a discrete demyelinating lesion
in the pons (figure 1). In a fifth patient (Patient 19), the
pontine lesion was not imaged, but multiple periventricu-
lar demyelinating lesions typical of MS were identified on
MR imaging. All five patients had neurologic symptoms
and signs in addition to abduction paresis, but no other
ocular motor signs. Two patients were tested acutely, that
is, within 1 month of symptom onset. Serial eye movement
recordings were performed on these two patients with
acute, central (fascicular) palsy at presentation and at 2
months after symptom onset. The mean duration of diplo-
pia (at the time of eye movement recording) in acute cen-
tral palsies (n = 2) was 0.38 *= 0.18 months, whereas the
mean duration in chronic central palsies (n = 5) was 42 =+
54 months. The duration of chronic peripheral palsies (mean
27 *= 24 months) was shorter than the duration of chronic
central palsies (mean 42 *= 54 months), but the difference
was not significant (Wilcoxon rank sum test). The mean age
in acute central palsies (n = 2) was 53 *= 32 years (median
age = 53 years; age range = 30 to 75 years), whereas the
mean age in chronic central palsies (n = 5) was 52 = 18 years
(median age = 56 years; age range = 30 to 75 years). The
ages of the patients with central and peripheral palsies,
acute or chronic, did not differ significantly (¢ tests).

All patients had a clinically obvious unilateral limita-
tion of abduction (table 1), with an incomitant esotropia
which increased in the field of action of the paretic muscle.

May (1 of 2) 2006 NEUROLOGY 66 1391

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



Table 1 Characteristics of patients with peripheral sixth nerve palsy

Age, Side of Abduction deficit Visual
Patient y/sex lesion Duration* as % of normal* Saccadic speed* acuity Imaging Comments
1 66/M Right 3 wk (acute) 80% (acute) Slow (acute) 20/40 OD; Normal CT DM
20 mo (chronic) 80% (chronic) Normal (chronic) 20/30 OS
2 77/M Right 30 mo 60% Normal 20/25 OD; Normal MRI  Idiopathic
20/30 OS
65/M Left 96 mo 70% Normal 20/20 OU Normal MRI  Idiopathic
4 50/F Left 24 mo 80% Normal 20/25 OU Normal MRI  Idiopathic
46/M Left 3 wk (acute) 80% (acute) Slow (acute) 20/20 OU Normal MRI HTN
30 mo (chronic) 80% (chronic) Normal (chronic)
6 64/M Left 3 wk (acute) 80% (acute) Slow (acute) 20/20 OD; Normal CT HTN
26 mo (chronic) 80% (chronic) Normal (chronic) 20/25 OS
75/F Right 4 mo 90% Normal 20/40 OU Normal MRI  Idiopathic
8 T1/F Right 10 mo 95% Normal 20/30 OD; Normal MRI  Idiopathic
20/20 OS
9 52/M Right 3 wk (acute) 95% (acute) Slow (acute) 20/20 OU Normal MRI  Idiopathic
17 mo (chronic) 95% (chronic) Normal (chronic)
10 64/M Right 15 mo 90% Normal 20/20 OD; Normal CT Idiopathic
20/25 OS
11 57/M Right 3 wk (acute) 90% (acute) Slow (acute) 20/25 OU Normal CT HTN, DM
23 mo (chronic) 90% (chronic) Normal (chronic)
12 57/M Left 34 mo 90% Normal 20/30 OD; Normal MRI  Idiopathic
20/25 OS
13 75/F Left 12 mo 90% Normal 20/25 OU Normal MRI  Idiopathic
14 54/F Left 60 mo 80% Normal 20/25 OD; Normal MRI  Idiopathic
20/20 OS

* Duration of palsy, abduction deficit, and saccadic speed at the time of eye movement recording (patients with serial recordings have
two values: one during acute and one during chronic state, as specified. All other patients have one recording only in the chronic

state).

OD = right eye; OS = left eye; DM = diabetes mellitus; OU = bilaterally; HTN = hypertension.

In peripheral palsies, the mean abduction deficit (as per-
centage of normal abduction) in the acute state (n = 5) was
85 = 7%, whereas the mean abduction deficit in the
chronic state (n = 14) was 84 *= 10%. In central palsies,
the mean abduction deficit in the acute state (n = 2) was
70%, whereas the mean abduction deficit in the chronic
state (n = 5) was 79 = 7%. The severity of the abduction
deficit in chronic peripheral (mean 84%) vs chronic central
palsies (mean 79%) did not differ (p = 0.36, ¢ test).
Saccades in peripheral abducens nerve palsy. Figure
2A shows representative recordings of horizontal saccades
made by Patient 1 who had a peripheral palsy, while view-
ing with the paretic right eye during the acute state (3
weeks after onset of symptom). During saccades from cen-
ter to the paretic orbital hemi-range of duction (i.e., from
center to 10 deg right), centrifugal abducting peak velocity
of the paretic right eye was reduced, when compared with
normal controls (Z-test, p < 0.05). Each of the five patients
with recordings in the acute state had slow centrifugal
abducting saccades with prolonged duration (Z-tests, p <
0.05). The mean (group) peak velocity-amplitude and
duration-amplitude relationships of initial saccades in
acute peripheral palsy are shown in figures 3A and 4A. We
correlated peak velocities and durations with bins of am-
plitude in 2 deg ranges because the palsies precluded mea-
suring large amplitude saccades to determine asymptotic
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features of the peak velocity-amplitude main sequence in our
patients. As a group, acute peripheral palsy (n = 5) had
reduced peak velocities and longer durations for centrifugal
abducting saccades for any given amplitude (p < 0.05).

Figure 2B shows representative recordings of horizontal
saccades made by the same patient (Patient 1) during the
chronic state. Peak velocity of centrifugal abducting sac-
cades of the paretic right eye returned to normal when
recorded 2 months after onset of symptoms. In each of five
acute palsies tested serially, saccade peak velocities and
durations became normal within 2 months of symptom
onset despite persisting limited abduction (i.e., severity of
the abduction deficit in the acute and chronic states was
the same in all five patients). Saccade peak velocities and
durations were also normal in each of nine other patients
who had recording in the chronic state only. As shown in
figures 3A and 4A, as a group, chronic peripheral palsy
(n = 14) had normal peak velocities and durations for
centrifugal abducting saccades, when compared with nor-
mal controls (p > 0.1).

Centripetal abducting saccades from 10 deg adducted
position to center in the paretic eye had normal peak veloc-
ity and duration, both in acute and chronic states in all
patients. Saccade peak velocities and durations in the non-
paretic eye were normal in both acute and chronic states in
all patients.
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Table 2 Characteristics of patients with central fascicular sixth nerve palsy

Abduction
Age, Side of deficit as % Saccadic Visual
Patient  y/sex lesion  Duration*  of normal* speed* acuity Imaging Presenting symptoms
15 75/M Right 1 wk 70% (acute) Slow (acute) 20/30 OU MRI: Right pontine Diplopia, ataxia (MS
(acute)  80% (chronic) Slow (chronic) demyelinating lesion for 27 y)
10 mo
(chronic)
16 59/M Left 52 mo 90% Slow 20/25 OU MRI: Left pontomedullary Headache, ataxia,
cavernoma and hematoma and right paresthesia
17 56/F Left 132 mo 70% Slow 20/25 OD MRI: Left pontomedullary  Left facial palsy and
20/30 OS cavernoma paresthesia
18 30/F Left 2 wk 70% (acute) Slow (acute) 20/25 OU MRI: Left pontomedullary Diplopia, ataxia
(acute)  80% (chronic) Slow (chronic) demyelinating lesion
15 mo
(chronic)
19 38/F Left 3 mo 75% Slow 20/25 OD MRI: Multiple Diplopia, ataxia
20/30 OS periventricular

demyelinating lesions

* Duration of palsy, abduction deficit, and saccadic speed at the time of eye movement recording (patients with serial recordings have
two values: one during acute and one during chronic state, as specified. All other patients have one recording only in the chronic

state).

OU = bilaterally; MS = multiple sclerosis; OD = right eye; OS = left eye.

Saccades in central fascicular abducens nerve palsy.
Figure 5A shows representative recordings of horizontal
saccades made by Patient 15 who had a central fascicular

Figure 1. MRI of patients with central (fascicular) sixth
nerve palsy. (A) Patient 15. FLAIR image showing a de-
myelinating lesion in the right pons. (B) Patient 16. T2-
weighted image with gadolinium enhancement showing a
left pontomedullary cavernoma and hematoma. (C) Pa-
tient 17. T2-weighted image showing a left pontomedul-
lary cavernoma. (D) Patient 18. FLAIR image showing a
demyelinating lesion in the left pontomedullary area.

palsy, while viewing with the paretic right eye during the
acute state (1 week after onset of symptom). Peak velocity
of centrifugal abducting saccades (i.e., from center to 10
deg right) of the paretic right eye was reduced, when com-
pared with normal controls. In each of two patients with
recording in the acute state, centrifugal abducting sac-
cades in the paretic eye had reduced peak velocities (figure
3B and longer durations (figure 4B for any given ampli-
tude (Z-tests, p < 0.05).

Figure 5B shows representative recordings of horizontal
saccades made by the same patient (Patient 15) during the
chronic state. Peak velocity of centrifugal abducting sac-
cades of the paretic right eye remained reduced when re-
corded at 2 months after onset of symptom. Similar
observation was made in the second patient with serial
recordings, despite the fact that the severity of abduction
deficit in these two patients improved in the chronic state.
Saccade peak velocities and durations were also abnormal in
each of three other patients who had recording in the chronic
state only. As shown in figures 3B and 4B, as a group,
chronic central palsy (n = 5) had reduced peak velocities and
prolonged durations for centrifugal abducting saccades,
when compared with normal controls (p > 0.1).

Centripetal abducting saccades from 10 deg adducted
position to center in the paretic eye had normal peak veloc-
ity and duration, both in acute and chronic states in all
patients. Saccade peak velocities and durations in the non-
paretic eye were normal in both acute and chronic states in
all patients.

Discussion. Information about saccadic abnormal-
ities in paralytic strabismus is sparse. A report' of
three patients with fascicular sixth nerve palsies lo-
calized by MRI identified low saccadic velocities in
the paretic eye on abduction. In our laboratory,
seven patients with unilateral peripheral sixth or
third nerve palsies were found by magnetic search
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Figure 2. Serial recordings of horizontal saccades made by Patient 1 who had a right peripheral sixth nerve palsy, while
viewing with the paretic right eye. (A) Recordings obtained 3 weeks after symptom onset (acute palsy). (B) Repeated re-
cordings at 2 months (chronic palsy). During saccades from center to the paretic orbital hemi-range of duction (i.e., from
center to 10 deg right), centrifugal abducting saccadic peak velocity of the paretic right eye was low during acute state,

but it became normal during chronic state.

coil technique to have reduced peak velocities in the
direction of paretic agonists.? Slowing of saccades
was also reported in single cases or a few patients
with unilateral peripheral sixth nerve palsy or me-
dial rectus palsy.+'315 The effects of duration (acute
vs chronic) and site (peripheral vs central) of abdu-
cens nerve palsy on saccade dynamics had not been
systematically investigated, nor had the potential of
recovery been previously addressed.

In this investigation, we measured the effects of
idiopathic, presumed ischemic, peripheral palsy, and
central fascicular palsy on the peak velocity and du-
ration of saccades, and assessed changes over time.
Although abducting saccades are hypometric and
slow in the paretic eye in lateral rectus palsy,>+1>15
we measured saccade speeds well within the range of
limited abduction, and saccades were not hypometric
within this range (table E-1 on the Neurology Web
site at www.neurology.org). Acutely, centrifugal ab-
ducting saccades in the paretic orbital hemi-range of
duction (from center to an abducted position) in the
paretic eye are slow in both central and peripheral
palsy, as anticipated from weakness of the lateral
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rectus muscle. In chronic state, centrifugal abducting
saccadic peak velocities remain reduced and dura-
tions remain prolonged in the paretic eye in central
palsy, but they become normal in peripheral palsy. If
chronic central palsies had greater severity than
chronic peripheral palsy, the results might be biased
toward more recovery in the peripheral palsy. How-
ever, there was no significant difference in the mean
severity of abduction limitation between central and
peripheral palsies. Centripetal abducting saccades
from an adducted position to center in the paretic
eye, as well as adducting saccades in the non-paretic
eye (field of action of the contralateral yoked medial
rectus muscle), were normal in amplitude, velocity,
and duration in both central and peripheral palsy,
acute or chronic.

In sixth nerve palsy, abduction is little affected
when the eye starts from an adducted (nasal) posi-
tion, since most of the change in force is contributed
by relaxation of the normal antagonist, that is, the
medial rectus.'®* When the movement begins from
orbital mid-position, however, the change in force
comes mainly from contraction of the agonist,'¢ that
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Figure 3. Mean (group) peak velocity vs amplitude (in
bins) of initial centrifugal abducting saccades from center
to 10 deg abducted position in the paretic eye. (A) Periph-
eral palsy. (B) Central (fascicular) palsy. Error bars indi-
cate 1 SD from the normal group mean.

is, the paretic lateral rectus, and hence saccades in
the paretic orbital hemi-range of duction are abnor-
mal. Our finding that centrifugal abducting saccades
in the paretic orbital hemi-range of duction (from
center to an abducted position) in the paretic eye are
slow, while centripetal abducting saccades from an
adducted position to center in the paretic eye are
normal, can be explained by the relative contribution
of the agonist and antagonist muscles in different
orbital positions.

In paralytic strabismus, “contracture” (shortening
and increased stiffness) occurs in the antagonist of
the paretic muscle,'’?° while the paretic muscle
lengthens in response to a change in orbital position
of the globe. Contracture of the non-paretic antago-
nist is associated with a decrease in the number of
sarcomeres, whereas lengthening of the paretic mus-
cle is accompanied by an increase in sarcomeres.?!
The persistent reduction in centrifugal abducting
saccadic velocities found in our patients with chronic
central palsy is unlikely to be the result of contrac-
ture of the medial rectus (antagonist) muscle be-
cause such contracture might be expected to affect
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Figure 4. Mean (group) duration vs amplitude (in bins) of
initial centrifugal abducting saccades from center to 10
deg abducted position in the paretic eye. (A) Peripheral
palsy. (B) Central (fascicular) palsy. Error bars indicate 1
SD from the normal group mean.

centripetal abducting saccades (from adducted hemi-
range to orbital mid-position), by reducing its relax-
ation or length; however, they were normal in our
patients.

The abducens is the motor nerve with the most
substantial course both within and outside the brain,
where it is vulnerable to damage.?? Comparison of
recovery after central vs peripheral nerve palsy pro-
vides a unique opportunity to investigate differences
in repair properties?® between the central and pe-
ripheral nervous systems. We found that in chronic
peripheral palsy, abducting saccadic peak velocity
and duration for the tested range of excursion (10
deg) become normal within 2 months after symptom
onset, despite persistent abduction deficit and es-
otropia. In contrast, there was no improvement in
saccadic peak velocity or duration in chronic central
fascicular palsy. Our findings are concordant with
the capacity for recovery of peripheral nerves and
also with the limited capacity for recovery of central
nerves.?® The relatively rapid time course for recov-
ery of saccadic speed after peripheral palsy in our
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Figure 5. Serial recordings of horizontal saccades made by Patient 15 who had a right central (fascicular) palsy, while
viewing with the paretic right eye. (A) Recordings obtained 3 weeks after symptom onset (acute palsy). (B) Repeated re-
cordings at 2 months (chronic palsy). Unlike patients with peripheral palsy, centrifugal abducting velocities for saccades
from center to the paretic orbital hemi-range of duction (i.e., from center to 10 deg right) of the paretic right eye were low

during both acute and chronic states.

patients is consistent with demyelinating damage, or
neurapraxia,?*?¢ followed by remyelination.
Histopathologic correlation for ocular motor nerve
palsies is sparse.?”° The oculomotor nerve of one
diabetic patient with a third nerve palsy showed
mild disruption of the myelin sheaths and axis cylin-
ders in the center of the nerve, providing evidence
for a functional block rather than axonal disrup-
tion.?” Two subsequent studies?®?° of oculomotor
nerve palsy in two diabetic patients also found the
lesion to be primarily demyelinating, with a paucity
of Wallerian degeneration of axons distally, and an
absence of chromatolysis in neuronal cell bodies in
the oculomotor nucleus. These findings?"?° were com-
patible with the rapid and complete recovery of ocu-
lar motor nerve palsy commonly seen in diabetes.
No histopathologic study of diabetic, hypertensive,
or idiopathic (presumed microvascular ischemic)
sixth nerve palsy is available. However, a feline
model using axotomy of the abducens nerve shows
that the time course for structural and functional
recovery is about 3 months.?° In our study, we found
that abducting saccadic peak velocity and duration
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became normal within 2 months in patients with
idiopathic, presumably ischemic, peripheral palsy.
Although the range of abduction remained limited in
the peripheral sixth nerve palsies we studied, in con-
trast to the typical complete recovery of abduction
after idiopathic (presumed microvascular ischemic)
palsies, the time course of recovery of saccade speed
to normal in these patients suggests that their pal-
sies resulted from a functional or primarily demyeli-
nating event (first-degree injury), rather than from
axonal disruption (second-degree injury).?+2¢

A high frequency burst of phasic discharge in ago-
nist motoneurons, the saccadic pulse, drives the eyes
at high speed,?-*? and a level of tonic innervation,
constituting saccadic step of innervation, holds the
eye in its new position.?*? In peripheral palsy, ab-
ducting saccadic peak velocity and duration became
normal, in face of persistent esotropia. We postulate
that the partially recovered peripheral nerve be-
haves like a high pass filter, allowing the transmis-
sion of high firing rates during the pulse of
innervation, such that the resulting saccades are of
normal peak velocity and duration. In contrast, dur-
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ing the step of innervation, the partially recovered
peripheral nerve may be unable to transmit low fre-
quency tonic signals, resulting in abnormal tonic po-
sition (i.e., esotropia) of the paretic eye. This is the
converse of the Wedensky phenomenon,?4%5 whereby
high frequency nerve discharges through partially
damaged nerve fibers are attenuated while low fre-
quency discharges are preserved.

A cellular correlate of disparity between the repair
of saccade speed and the persistence of defective
ranges of abduction may be the selective nature of
the nerve fibers damaged, or the tempo of their re-
generation or remyelination. Although all ocular mo-
toneurons participate in saccadic and slow eye
movements, and in the tonic discharges that main-
tain eye positions,*®*” some may be specialized in
function. Large motoneurons within the abducens
nucleus innervate singly innervated, twitch muscle
fibers, whereas smaller motoneurons around its pe-
riphery innervate multiply innervated, non-twitch
muscle fibers.?®3° The high pass filter response of the
damaged peripheral abducens nerve to saccadic peak
velocity commands, as described above, might be ex-
plained by either predominant damage to peripheral
nerve fibers from “non-twitch” motoneurons just out-
side the abducens nucleus, or by better repair of
nerve fibers from “twitch” motoneurons within the
nucleus.

We found that abducting saccadic peak velocity
remained reduced in patients with central palsy
from cavernomas or MS. Although MS is generally
considered to be an inflammatory demyelinating dis-
ease with relative axonal sparing, axonal damage,
including loss, transection, or disturbed axonal
transport, occurs early in the disease and during
lesion development.*-#* The absence of recovery of
saccade speed and range in our patients with central
fascicular palsy was consistent with limited regener-
ation of damaged axons or myelin in the glial envi-
ronment of the CNS.2345-51

In chronic peripheral palsy, peak velocities of ab-
ducting saccades in the paretic eye became normal.
Their normal speed may be due to partial recovery of
the peripheral nerve, as discussed above. Recovery
may also represent a monocular readjustment of in-
nervation selectively to the paretic eye. If common
and conjugate premotor signals were sent to mo-
toneurons to both eyes, adducting saccadic velocity
in the yoked antagonist of the non-paretic eye would
be increased as well, in accord with Hering’s propos-
al®? that yoked muscles of the two eyes are always
equally innervated by common conjugate commands
so that one eye is not moved independently of the
other. For example, in the case of a left lateral rectus
weakness from a left sixth nerve palsy, any adaptive
increase in innervation to the left lateral rectus
would be accompanied by increased innervation to
the right medial rectus, in accord with Hering’s pro-
posal or “law.” However, this was not the case; yoked
adduction of the fellow eye had normal peak velocity-
amplitude relationship. Monocular adaptation of sac-

cades to sixth nerve palsy would be consistent with
evidence of monocular adaptation of the vestibulo-
ocular reflex after sixth, fourth, or third nerve
palsy.>35

In monkeys, tenotomy of both horizontal rectus
muscles of one eye reduces saccade amplitude in that
eye, and when the normal eye is occluded, there is a
conjugate increase in saccade amplitude in both
eyes, obeying Hering’s law.? After the patch is re-
moved, saccade amplitudes are reduced in the nor-
mal eye to match those of the paretic eye, signifying
monocular adaptation to the normal eye,” and per-
haps the paretic eye. Small or moderate weakening
of one horizontal rectus muscle in monkeys, followed
by patching of that eye,® results in selective monocu-
lar increase in eye movement amplitude in the oper-
ated eye only, suggesting monocular adjustments.®
We did not assess the effects of monocular occlusion
in this study. Our patients had mild-to-moderate
palsy; they viewed with both eyes but habitually fix-
ated with their non-paretic eye. We observed a mon-
ocular unidirectional change in saccade speed,
within the range of spared amplitudes (duction) in
the paretic eye after peripheral palsy, but not after
central palsy.

An anatomic and physiologic pre-nuclear sub-
strate for possible monocular adjustments of saccade
speed in response to peripheral nerve palsy is found
in pre-saccadic burst neurons of the caudal parame-
dian pontine reticular formation (PPRF). The great
majority (about 80%) of short-lead burst neurons in
the caudal PPRF of monkeys that were once thought
to encode conjugate velocity commands for horizontal
saccades actually encode monocular movements of
either abduction or adduction.’® This behavior is con-
trary to Hering’s “law.” Whether the present results
indicate partial recovery, monocular adaptation, or
both, the normalization of saccadic speed in chronic
peripheral palsy allows both eyes to reach targets in
the paretic hemifield of motion rapidly and simulta-
neously. Persisting slowing of saccades after central
palsies may reflect damage to mechanisms of monoc-
ular adaptation, in addition to limited regeneration
of axons or myelin within the brain.

Idiopathic abducens nerve palsy in patients over
50 years of age is usually presumed to be caused by
ischemia from arteriolosclerosis of small vessels, oc-
curring with greater frequency in patients with dia-
betes mellitus or hypertension.?” Since most patients
recover within 3 months,?® they may not require im-
aging of the brain or skull base at the time of initial
presentation,'® if they have no other neurologic
symptoms or signs. However, if there is no improve-
ment within 3 months, imaging studies are indi-
cated. Assessment of abducting saccadic velocity may
be an adjunct to imaging in distinguishing between a
central and peripheral cause of abducens nerve
palsy. Study of palsies having comparable severity
after partial structural damage to the peripheral
nerve from compression or infiltration will be needed
to determine if their saccadic dynamics differ from
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those in idiopathic (presumed ischemic) peripheral
palsies or from central palsies, as investigated here.
Normal saccadic velocity after 2 months may specify
peripheral nerve damage presumed to be ischemic in
origin. Conversely, reduced saccadic velocity after 2
months might signify a central lesion. In this situa-
tion, prompt imaging studies are warranted to detect
a brainstem lesion or extra-axial mass lesion as the
cause of paretic abduction.
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