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Purrosk. To investigate the effects of acquired superior oblique
palsy (SOP) and corrective strabismus surgery on torsional
optokinetic nystagmus (tOKN) in monkeys.

MEetHODS. The trochlear nerve was severed intracranially in two
rhesus monkeys (M1 and M2). For each monkey, more than 4
months after the SOP, the ipsilateral inferior oblique muscle
was denervated and extirpated. For M2, 4 months later, the
contralateral inferior rectus muscle was recessed by 2 mm.
tOKN was elicited during monocular viewing of a rotating
stimulus that was rear projected onto a screen 43.5 cm in front
of the animal. Angular rotation of the stimulus about the center
was 40 deg/s clockwise or counterclockwise.

Resurts. The main findings after trochlear nerve sectioning
were (1) the amplitude and peak velocity of torsional quick
and slow phases of the paretic eye was less than that in the
normal eye for both intorsion and extorsion, and (2) the ver-
tical motion of the paretic eye increased during both torsional
slow and quick phases. After corrective inferior oblique sur-
gery, both of these effects were even greater.

Concrusions. Acquired SOP and corrective inferior oblique-
weakening surgery create characteristic patterns of change in
tOKN that reflect alterations in the dynamic properties of the
extraocular muscles involved in eye torsion. tOKN also pro-
vides information complementary to that provided by the tra-
ditional Bielschowsky head-tilt test and potentially can help
distinguish among different causes of vertical ocular
misalignment. (Invest Opbthalmol Vis Sci. 2008;49:1421-1428)
DOI:10.1167/i0vs.07-0989

Superior oblique palsy (SOP) is a common cause of cyclo-
vertical strabismus. The primary action of the superior
oblique muscle is intorsion, and its secondary action is depres-
sion. Consequently, the paretic eye of a patient with a weak-
ness of the SO muscle is elevated and extorted relative to the
normal eye. The diagnosis of SOP often rests on the results of
the Bielschowsky head-tilt test: In SOP, the vertical deviation
increases when the head is tilted toward the side of the paretic
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eye. This response is due to the vestibulo-ocular reflex induced
by a static roll tilt of the head. Normally, when the head is tilted
laterally, the superior rectus (SR) muscle and SO muscles co-
operate to intort the lower eye." When the head is tilted
toward the side of an SOP, however, the upward action of the
SR muscle is unopposed by the (paretic) SO muscle, leading to
an increased vertical deviation.

As part of a study of the ocular motor signature of acquired
SOP in monkeys,?"* we sought to assay the function of the SO
muscle by measuring the torsional response to an optokinetic
stimulus that rotated around the line of sight (tOKN). By
eliciting torsional nystagmus, we could examine the effect of
the SOP on the primary action of the SO muscle. In addition,
we asked if examining the changes in the dynamic character-
istics of eye movements during tOKN might give information
complementary to that from the Bielschowsky head-tilt test.
Both monkeys also received corrective strabismus procedures
(a weakening procedure of the ipsilateral inferior oblique [10]
muscle in both animals and a subsequent weakening proce-
dure of the contralateral inferior rectus [IR] muscle in one
animal). This gave us the opportunity to examine the effects of
weakening of muscles with different primary muscle actions
on the response to tOKN.

METHODS

The general experimental methods have been described previously in
the descriptions of the effects of trochlear nerve sectioning on static
and dynamic alignment of the eyes.>”* The protocol was approved by
the Institutional Animal Care and Use Committee of the Johns Hopkins
University and adhered to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.

In brief, two female juvenile rhesus monkeys (M1 and M2) weigh-
ing from 4 to 6 kg were studied. Three-dimensional eye movements
were measured with the magnetic-field search-coil method. Two eye
coils made from Teflon-coated stainless steel wire were implanted in
each eye of the monkeys. The direction coil (measuring horizontal and
vertical eye position) was sutured on the sclera under the conjunctiva
just in front of the insertion of the rectus muscles. The torsion coil was
implanted superotemporally between the lateral and superior rectus
muscles and centered on the equator of the globe. During the exper-
iments, the animal was seated in a primate chair that was placed in the
center of a cubic frame in which three orthogonal magnetic fields of
different frequencies (55.5, 83.3, and 42.6 kHz) were generated. The
output signal of the coil system was band-pass filtered (0 -90 Hz),
digitized at 1000 samples per second, and saved on a computer for
later analysis.

Surgical Procedures

With the monkeys under inhalation anesthesia, the SOP was induced
by intracranial sectioning of the trochlear nerve (left eye for M1 and
right eye for M2). Through a subtemporal approach, posterior to the
cavernous sinus, the trochlear nerve was visualized and severed, leav-
ing a gap of approximately 10 mm. Subsequently, in M1 (at 7.5 months
after the SOP) and in M2 (at 4.5 months after the SOP), the ipsilateral
10 muscle was denervated and extirpated. For M2, 4 months after the
I0-weakening procedure, the contralateral IR muscle was recessed by
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2 mm. All the corrective surgeries were performed under pentobarbital
anesthesia (30 mg/kg, intravenously). For the IO procedure, the IO
muscle was isolated through an inferotemporal fornix incision by using
muscle hooks. It was disinserted from the sclera and put on a stretcher,
and then the nerve supplying the muscle was isolated separately and
divided with cautery. The available muscle belly was drawn forward,
clamped, and amputated with cautery.

For the recession of the IR, the muscle was isolated with muscle
hooks through an inferonasal fornix incision. The tendon was secured
2 mm from the insertion point on the globe by a 6-0 Vicryl suture in a
locking stitch. The muscle was disinserted from the scleral and rein-
serted 3 mm posterior to the original insertion point. The suture was
adjusted so that the corneal light reflexes indicated a modest overcor-
rection. The final position of the muscle was 2 mm posterior to the
original insertion point.

Stimulus Presentation

Torsional optokinetic nystagmus (tOKN) was elicited during monocu-
lar viewing of a rotating stimulus that was rear projected onto a tangent
screen in front of the animal. The center of the stimulus was positioned
43.5 cm in front of the midpoint of the interpupillary axis. The
stimulus consisted of a pattern of 20 alternating white and black radial
sectors (Fig. 1) covering 74° of the visual field. The angular rotation of
the stimulus about its center was 40 deg/s, clockwise (CW) or coun-
terclockwise (CCW), which was optimal in our animals for eliciting
tOKN. The periods of stimulation were 90 seconds. Each day, before
collecting the tOKN data, reference positions were obtained. A red
square (0.3 X 0.3°) was rear projected on the screen at the center of
the stimulus (the apices of the sectors), and the animal was rewarded
with water for fixing on the target, first with one eye viewing and then
with the other eye viewing. These positions were defined as the
reference positions for the two eyes. Using these new reference posi-
tions, we calculated the relative torsion and vertical deviations be-
tween the two eyes or the relative difference between torsion and
vertical rotation in the individual eye. During the tOKN stimulation,
the target was extinguished, but the animal was still rewarded when
the viewing eye was fixing on the center of the stimulus.

Experimental Protocol

Pre-SOP data during monocular viewing were obtained 2 to 3 weeks
before sectioning of the trochlear nerve. After SOP, the paretic eye
(PE) was patched for 6 days in M1 and 9 days in M2, and then habitual
binocular viewing was allowed. tOKN was tested 24 days after SOP in
M1 (which was 18 days after habitual binocular viewing was allowed),
and 35 days after SOP for M2 (which was 26 days after habitual
binocular viewing was allowed). After the subsequent IO corrective
surgery, the surgical eye was habitually patched, as after the SOP. This
time, however, the surgical eye was allowed to view monocularly for
an hour or so on each testing day. tOKN data were recorded 10 to 13
days after the corrective surgery, but before sustained habitual binoc-
ular viewing was allowed. Unless otherwise stated, the data presented
are with the normal eye viewing.
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FIGURE 1. A tOKN stimulus.
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Data Analysis

Data were analyzed with custom-developed software (MatLab; The
MathWorks, Inc., Natick, MA). A rotation vector representation of eye
orientation was calculated from the recorded coil signals, with the
reference position being straight ahead. In the presentation of the data,
up for vertical, right for horizontal and clockwise for torsion are
positive. An FIR1 filter (bandwidth 30 Hz; MatLab, The MathWorks,
Inc.) was used to smooth eye position, and this signal was differenti-
ated, to produce eye velocity with a fifth-order Remez filter (MatLab,
The MathWorks, Inc.) designed to differentiate up to 40 Hz and to
low-pass filter above 80 Hz. The beginning and end of the quick (QP)
and the slow (SP) phases of tOKN were identified manually. Data were
included for analysis when the viewing eye fell within a window of
+1.5° horizontally and vertically about the center of the tOKN stimu-
lus. Data segments containing blinks were discarded. The amplitude of
the SP or QP was determined by subtracting the position of the eye at
the beginning from the position at the end of the individual SP or QP.
The ratio of the amplitude of the PE to the amplitude of the normal eye
(NE) over the same period was calculated before and after SOP, to
describe the relative change of PE to NE. A Kruskal-Wallis test was used
to test for significance. The relationships between the torsional and
vertical amplitudes of the series of individual SPs and QPs were deter-
mined by least-squares linear regression. A one-tailed #test was used to
evaluate the significance of changes in the slopes of the regression
lines (before and after SOP, and after corrective surgery),S because our
initial hypothesis was that weakness of the SO muscle must increase
the amount of vertical motion relative to torsion. Data from M2 were
mirrored, so in the following text, in both monkeys the left eye is
considered the PE and the right eye the NE.

RESULTS

First, we will recapitulate briefly the main effects of trochlear
nerve sectioning on vertical, torsional, and horizontal align-
ment. Then, we will present the effects on tOKN, emphasizing
the changes in the relative amount of torsion made by the
two eyes and the amount of inappropriate vertical rotation of
the PE.

Before trochlear nerve sectioning, M1 and M2 both showed
little ocular misalignment. After the animals habitually viewed
out of one eye for 4 to 7 days, they developed small vertical
(1°-2°), torsional (intorsion, 1°-3°, or extorsion, 1°), and hor-
izontal (exo, 1°-3°) deviations. After the trochlear nerve was
sectioned, the monkeys showed the expected pattern of ocular
misalignment in SOP with a vertical and torsional deviation,
but little change in horizontal alignment.?

Comparing the Torsion Response to tOKN
between the Paretic and the Intact Eyes

In both monkeys, the rotating stimulus elicited a tOKN com-
posed of SP in the direction of rotation and QP in the opposite
direction. Before the SOP, with a 40-deg/s rotating stimulus the
average slow-phase gain in M1 was 0.05 to 0.07 for both CW
and CCW, whereas in M2 the gain was 0.04 to 0.05 for CW and
0.03 for CCW. Although average SP velocities were low, in the
range of 1.5 to 3 deg/s, the SP and QP of tOKN were easily
discernible.

The top panels of Figure 2 show the vertical and torsional
eye positions of each eye in M1 during CW and CCW rotation,
with the NE viewing. Responses in M2 were similar. Figures 2A
and 2D show the pre-SOP responses, Figures 2B and 2E show
the responses 24 days after trochlear nerve sectioning, and
Figures 2C and 2F show the responses 2 weeks after the 10
denervation and extirpation. The bottom panels show the
vertical (VD) and torsional (TD) deviations (PE minus NE)
during each rotation. In this figure a positive value for TD is a
relative intorsional deviation, whereas a negative value is a
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relative extorsional deviation. There was a slight asymmetry
between the two eyes before SOP, with the to-be-paretic eye
rotating slightly faster than the intact eye.

After both trochlear nerve sectioning and the IO procedure,
both monkeys showed similar changes in tOKN. First, the
velocity of the torsional SP made by the PE was less than that
by the NE for both CW (Fig. 2B, top) and CCW (Fig. 2E, top)
rotation. Consequently, there was an increased extorsional
deviation during CW SP (Fig. 2B, bottom panel, black trace)
and an increased intorsional deviation during CCW SP (Fig. 2E,
bottom panel, black trace). Second, before trochlear nerve
sectioning, there was a relatively small vertical deviation (VD)
that changed little during tOKN (Figs. 2A, 2D, bottom panels,
red traces). After trochlear nerve sectioning, however, the VD
increased from its baseline during intorsion (CW SP) of the PE
and decreased during extorsion (CCW SP) of the PE (Figs. 2B,
2E, bottom panels, red traces). Third, after the IO muscle was
denervated and extirpated, the velocities of both intorting and
extorting SP of the PE were reduced further (Figs. 2C, 2F, top
panels, compare black and blue traces). Thus, there was an

Time (ms)

Time (ms) Time (ms)

even greater change in the TD during both CW and CCW SP
(Figs. 2C, 2F, bottom panels, black traces). Fourth, after 10
surgery, the VD decreased even more during extorting tor-
sional SP by the PE (Fig. 2F, bottom panel, red trace).

Figure 3 shows the mean (*£SD) of the amplitude ratios
(PE/NE) for torsional SP during NE and PE viewing for both M1
and M2, before and after SOP and after corrective surgery.
Before SOP there were slight asymmetries between the two
eyes in each monkey. In M1 the to-be-paretic eye had larger
amplitudes for both torsional directions (amplitude ratios,
>1.0). After SOP, in both monkeys the amplitude ratio for SP
(PE/NE) decreased significantly in both directions and for both
NE and PE viewing (P < 0.001, Kruskal-Wallis). Note that the
decreases were larger with PE viewing, especially for M2.

After IO surgery, for M1 the amplitude ratios for SP de-
creased further in both directions (P < 0.001, Kruskal-Wallis).
For M2, however, the amplitude ratios for SP showed no
statistically significant changes (P > 0.05, Kruskal-Wallis)
though with NE viewing the trend was similar to that of M1.
After the IR recession (in M2) there were no significant
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with PE viewing.

We also examined the peak velocity of the torsional QP and
computed a peak-velocity ratio, comparing the PE to the NE,
for both NE (Figs. 4A, 4B) and PE viewing (Figs. 5A, 5B). The
peak-velocity ratio may be a more consistent indicator of mus-
cle palsy than the amplitude ratio.” These figures also show
peak-velocity ratios for vertical saccades for comparison (Figs.
4C, 4D, 5C, 5D, see the Discussion section). For torsion, as for
the amplitude ratios, pre-SOP there were slight asymmetries
between the two eyes for each monkey. In M1 the to-be-paretic
eye had a higher peak velocity for both torsional directions
(peak-velocity ratios, >1.0). After SOP in both monkeys with
NE viewing, the peak-velocity ratios were significantly de-
creased in both directions (P < 0.001, Kruskal-Wallis). As for

M2 (PE Viewing)

FIGURE 3. Mean (£SD) of torsional
SP amplitude ratios (PE/NE) with NE
(A) and PE (B) viewing in both mon-
keys. Intorsion or extorsion refers to
the PE. *Post-trochlear nerve section-
ing values that were significantly de-
creased compared with pre-SOP val-
ues; #post-IO surgery values that
were significantly decreased com-
pared with post-SOP values; +post-IR
surgery values that were significantly
changed compared with post-IO val-
ues (Kruskal-Wallis, P < 0.001).

Extorsion

the SP amplitude ratios, the decrease was greater with the PE
viewing than with the NE viewing, in particular in M2. After IO
surgery, in both monkeys with NE viewing, the peak-velocity
ratios for the QP decreased further in both directions (P <
0.001, Kruskal-Wallis), except for the intorsional QP made by
M2 (P > 0.05, Kruskal-Wallis). After the IR recession, there
were no significant changes in the peak-velocity ratios in
the QP.

Inappropriate Vertical Response to tOKN

We next examined the amount of “inappropriate” vertical
rotation that appeared during tOKN stimulation after SOP.
Figure 6 depicts the relationship between the amplitude of the
torsional and vertical components of the QP made by the PE
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with the PE viewing in both monkeys. We fit the data with a
linear regression to look for changes in the slope, which reflect
changes in the amount of vertical rotation relative to torsion
(see the Methods section). The slopes and coefficients of de-
termination () for the QP (PE from PE viewing and NE from
NE viewing) are summarized in Table 1. Before the SOP, there
was no pattern of consistent vertical motion during either the
intorsional or extorsional QP. Correspondingly, the 7* values
were small. In both monkeys after the SOP, the PE showed
more elevation during the intorsional QP and more depression
during the extorsional QP. The regression slopes changed
significantly (P < 0.001) except for the extorsional QP in M2.
After the I0-weakening surgery, M1 had an even smaller tor-
sional amplitude and relatively more vertical motion (% = 0.94
for intorsion and 1.0 for extorsion), and the slopes also
changed significantly (P < 0.001) in both directions. In M2
after 10 surgery, the slope of the intorsional (P < 0.05) but not
the extorsional QP changed significantly. We also examined
the relationship between torsional and vertical motion of the

NE during NE viewing (NEV). Not surprisingly, there were no
consistent changes after SOP or 10 surgery.

We performed a similar analysis of the SPs of tOKN (Fig. 7,
Table 2). In M1, there was little vertical motion during intor-
sional and extorsional SPs before SOP, as was the case for the
QP. After SOP, there was significantly increased elevation dur-
ing the intorsional SP of the PE (P < 0.05) relative to that
before SOP. Although the extorsional SP amplitude also de-
creased significantly, there was no change in the relative
amount of coincident vertical motion (when compared with
before SOP; P > 0.05). After the IO-weakening procedure, the
torsional amplitude decreased further, and there was relatively
more elevation or depression coincident with both intorsional
and extorsional SP (slope change, P < 0.05). In M2, the slopes
of torsion against vertical rotation increased significantly after
SOP in both directions (P < 0.05), but after the corrective
surgeries, there were no further changes (P > 0.05). There
were no significant changes in the NE when it was viewing
(Table 2).
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TABLE 1. Regression Slope and Coefficient of Determination (in Parentheses) of QP Torsional Amplitude versus Vertical Amplitude

PE (from PE Viewing)

NE (from NE Viewing)

Pre-SOP Post-SOP Post-10 Post-IR Pre-SOP Post-SOP Post- 10 Post-IR
Intorsion
M1 —0.004 (0.00) 0.79* (0.46) 3.10t (0.94) —0.03 (0.00) 0.10 (0.02) 0.11 (0.0D
M2 0.38 (0.08) 1.63* (0.76) 2.101 (0.72) 1.49 (0.37) 1.68 (0.19) 0.15* (0.01) 0.44 (0.10) 0.75 (0.17)
Extorsion
M1 0.08 (0.01) 1.07* (0.59) 3.291 (0.96) 0.32 (0.14) 0.41 (0.43) 0.58 (0.58)
M2 0.55 (0.05) 1.30 (0.15) 1.67 (0.43) 2.84 (0.67) —0.09 (0.00) 0.59* (0.51) 0.39 (0.10) 0.60 (0.35)

Extorsion and intorsion refer to the direction of motion of the viewing eye.

* Significantly changed, compared with pre-SOP data (P < 0.05).

T Significantly changed, compared with post-SOP data (P < 0.05).

Di1sCUSSION

We investigated the effects of acquired SOP on torsional eye
movements. Our experiments were designed around two spe-
cific goals. First, we reasoned that the most sensitive way to
identify the effects of a paralysis would be to analyze the
changes in the primary action on the globe of the SO mus-
cle—in this case, torsion. Hence, we compared the torsional
response of the intact and paretic eyes by using an optokinetic
stimulus that rotated around the line of sight (tOKN). Second,
because the oblique muscles have a relatively strong secondary
action—vertical rotation of the globe—we sought to quantify
tOKN similar to the method in the Bielschowsky head-tilt test
(i.e., to measure the vertical rotation of the PE in response to
a pure torsional stimulus). We will discuss our findings related
to these two goals and also consider some of the effects of
corrective strabismus surgery on tOKN.

Effects of SOP on Torsion: Peak-Velocity Ratios
for QP of tOKN

The effects of trochlear nerve sectioning on tOKN were similar
in both animals. Using the peak-velocity ratio between the two
eyes (Fig. 4, top panels), we showed that the torsional QP
made by the PE was relatively slower than that made by the
intact eye. The deficits were present during extorsion and
intorsion, because extorsion is the result of an increase in
active force in the agonist and a decrease in active force in the
antagonist muscle. When the paretic muscle is the antagonist,
this decrement in active force is missing, and so the accelera-

tion is less than normal. Nevertheless, the relative decrease was
greater for intorsion, because for QP (and saccades) the incre-
ment in active forces when a muscle is acting as the agonist is
greater than the decrement in active forces when a muscle is
relaxing as an antagonist. It is also possible that adaptive
mechanisms contribute to the decrease in response when the
paretic muscle is acting as an antagonist, to prevent the eye
from reaching an extreme position of contraversive (to the
intact side) deviation.

We have reported a comparable analysis of vertical saccades
with SOP in the same animals by using the peak-velocity ratios®
and found a deficit that was greater for downward than for
upward saccades (Fig. 4, bottom). When the change in peak-
velocity ratios for vertical saccades was compared with that for
the torsional QP, however, the relative deficit was more
marked for torsion (compare Fig. 4, top and bottom). This
finding is not surprising, because the primary action of the SO
muscle is torsion, so that any weakness of this muscle may be
expected to be more obvious when testing the muscle in its
primary direction of action, where the requirement for a
change in force is highest. The SPs of tOKN were also affected
in both directions, although the asymmetry between extorsion
and intorsion was less consistent. (In M1, for example, extor-
sional SPs were more affected than intorsional SPs; Fig. 3).
Similarly, for upward saccades (when the SO muscle acts as an
antagonist) we also found that some dynamic characteristics
were affected by the same amount or even more than for
downward saccades (e.g., pulse-pulse ratios, pulse-step ratios
of the PE, especially in M1).? Finally, we emphasize that these
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TABLE 2. Regression Slope and Coefficient of Determinations of SP Torsional versus Vertical Amplitude

PE (from PE Viewing)

NE (from NE Viewing)

Pre-SOP Post-SOP Post- 10 Post-IR Pre-SOP Post-SOP Post- 10 Post-IR
Intorsion
M1 0.09 (0.03) 0.36* (0.41) 1.471 (0.36) 0.28 (0.45) 0.28 (0.23) 0.25 (0.43)
M2 0.16 (0.19) 1.02* (0.34) 0.79 (0.19 1.22 (0.57) 0.06 (0.02) 0.08 (0.07) —0.003 (0.00) 0.19% (0.23)
Extorsion
M1 —0.03 (0.01D) —0.02 (0.001) 1.401 (0.31) —0.01 (0.00) —0.06 (0.03) -0.39 (0.61)
M2 0.07 (0.09) 0.52* (0.349) 0.69 (0.13) 0.13% (0.03) —0.06 (0.02) —0.19 (0.09) —0.08 (0.09) —0.02 (0.00)

Extorsion and intorsion refer to the direction of motion of the viewing eye.

* Significantly changed, compared with pre-SOP data (P < 0.05).
T Significantly changed, compared with post-SOP data (P < 0.05).

% Significantly changed, compared with post-IO surgery data (P < 0.05).

deficits and asymmetries in tOKN were quite clear, even
though the amplitude and velocities of tOKN were low.

‘We also noted that in M2 the changes in peak-velocity ratios
of the QP and the amplitude ratios of the SP were both
considerably greater when measured with the PE viewing than
with the NE viewing. M2 had the larger vertical deviation, so
that when she was fixing with the NE, the PE was much higher
in the orbit where its torsional action would be relatively less.
Hence, it is not surprising that the effect of switching to fixing
with the PE, which moves the PE into a position in the orbit
where a loss of its normal contribution to torsion becomes
more obvious, brought out the difference in the dynamic
properties between the two eyes. In some ways, this is analo-
gous to the finding that the secondary deviation (with the PE
viewing) is greater than the primary deviation (with the NE
viewing).

The IO denervation and extirpation also produced changes
in tOKN, although there were differences between the two
animals. In both animals, there was a further decrease in the
peak-velocity ratios of the extorting QP; and, in M1 but to a
lesser extent, there was a decrease in peak-velocity ratios of the
intorting QP. There was a comparable change in the peak-
velocity ratios for upward but not downward saccades after the
IO procedure (Fig. 4). These findings presumably reflect the
fact that the IO muscle was extirpated and denervated, mini-
mizing its normal effect. On the other hand, the recession of
the contralateral IR muscle, which led to an improvement in
vertical ocular misalignment, produced no significant changes
in the peak-velocity ratios for torsion or vertical saccades. This
result is consistent with the few reports in the literature show-
ing that recession of a rectus muscle produces no reduction in
saccade velocities,®” presumably because a recession proce-
dure only modestly decreases the generation of active muscle
forces during rapid eye movements, and neuromuscular adap-
tation may also occur.

Abnormal Vertical Motion in Response to
Torsional Stimuli: a Possible Complement to the
Bielschowsky Head-Tilt Test

Our second goal was to quantify the amount of vertical motion
by the PE in response to an optokinetic stimulus that would
normally induce pure torsion. Inappropriate vertical motion
arises naturally in SOP, because the secondary action of the
oblique muscles is vertical rotation of the globe. Hence, be-
cause the oblique and rectus muscles have opposite actions
with respect to torsion and vertical rotation—that is, the SO
and the SR muscles are synergistic with respect to torsion
(both intort the eye) but antagonistic with respect to vertical
rotation (the SR muscle elevates the eye; the SO muscle de-

presses it)—paresis of an oblique muscle also leads to a vertical
imbalance. Thus, in SOP, when a stimulus calls for a conjugate
torsion, the unopposed SR muscle of the PE intorts and ele-
vates the globe, leading to an increased wvertical deviation
between the two eyes. This phenomenon, of course, is the
basis for a positive Bielschowsky head-tilt test when a patient
tilts the head toward the side of the PE. The head tilt calls for
a conjugate ocular torsion in the opposite direction. Hence, the
PE intorts but also elevates (because of the unopposed action
of the SR muscle), increasing the vertical deviation. In contrast
when the head is tilted away from the side of the PE, extorsion
of the PE is called for (by the 10 and IR muscles) which is
accompanied by inhibition of the SR and SO muscles in that
eye. Hence, there is less inappropriate vertical rotation associ-
ated with torsion and the vertical deviation lessens. Such a
pattern of changing vertical alignment also occurs during dy-
namic head roll, which is reflected in a change in the three-
dimensional axis of eye rotation.®

As expected, during tOKN we found inappropriate vertical
motion of the PE when a pure torsional response was called
for. There was a large change after the trochlear nerve was
sectioned, more so for intorsion than for extorsion and more so
for M2 than for M1. These values during tOKN showed the
same general pattern as those during actual head tilt (greater
change for tilt toward the paretic side [intorsion] and greater
change in M2; Fig. 77).

The results after the IO corrective surgeries were less con-
sistent between animals though both showed a further de-
crease in the amount of torsion by the PE relative to the NE.
Differences in the actual surgical effects as well as longer-term
adaptive changes may contribute to these differences between
animals. Finally, adaptive changes in otolith- ocular responses
induced by head tilt may also add to the complexities of
interpreting head tilt responses and tOKN.?

In sum, we report characteristic patterns of change in tOKN
that provide additional information about the ocular motor
signature of acquired SOP. tOKN is also a way to probe the
dynamic function of the oblique muscles in relative isolation,
and the pattern of changes in tOKN may help to distinguish
true SOP from other causes of cyclovertical strabismus that
often masquerade as SOP. These predictions remain to be
tested.
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