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This article is dedicated to the memory of Lea Averbuch-Heller, MD (1958-2000). We began recording torsional data 
from occasional adult patients with congenital nystagmus earlier, but this study did not formally begin until 1997, while 
she was a fellow in the Ocular Motor Neurophysiology Laboratory and a member of the Department of Neurology, Case 

Western Reserve University. It was set aside while other studies were more actively pursued and resurrected the day after 
her tragic accidental death. Dr. Averbuch-Heller was uncommonly prolific during her foreshortened career (42 journal 
publications, 17 abstracts, four reviews, and six book chapters). A warm and compassionate woman, with a bright smile 
that could light up a room, Lea was a mensch. We who were fortunate enough to have known her have lost a true friend 
and are left with the sadness of an unfillable void. 

Objectives: To study the relationship between the major 
horizontal and minor torsional components of congenital 
nystagmus to elucidate the diagnostic importance, ef
fects on vision, and pathogenetic implications of the tor
sional components. 
Methods: We recorded the eye movements of 13 subjects 
with congenital nystagmus using a three-dimensional mag
netic search coil technique over a IS-year period. The sub
jects fixated on stationary targets straight ahead and along 
the horizontal and vertical meridians. Six of the 10 subjects 
with horizontal congenital nystagmus were asymptomatic; 
the remaining 4 (plus two with a vertical component to their 
congenital nystagmus) had adult-onset symptoms. An ad
ditional subject without symptoms had a vertical congenital 
nystagmus component plus seesaw nystagmus; one of the 
symptomatic subjects also had seesaw nystagmus. 
Results: In all 13 subjects, the horizontal and torsional 
cycles were phase-locked, and positive horizontal (right
ward), vertical (upward, if any), and torsional (clockwise) 
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motion coincided in 10 subjects. That is, rightward horizon
tal eye rotation coincided with clockwise curvilinear mo
tion (rightward and downward) of the upper pole of each 
eye. During the horizontal foveation periods, torsional mo
tion was also of low velocity. In 2 of 13 subjects, the tor
sional waveforms differed from those in the horizontal 
plane; in others, the direction or the variation with gaze 
angle differed from that predicted by Listing. In each of the 
13 subjects, the torsional components ranged from 8.16% to 
94.42% (median, 32.94%) of the peak-to-peak magnitudes 
of the congenital nystagmus. In most cases, the measured 
torsion was far greater than that predicted by Listing's law 
for a worst-case analysis (range, 0.69-11.83%; median, 
4.91 %). The torsional components of the two subjects with 
seesaw nystagmus were 60.48% and 264.02%. 
Conclusions: The manner in which the horizontal and tor
sional components of "horizontal" congenital nystag-

' 

mus were phase-locked made clinical detection of the tor
sional component difficult. Most "horizontal" congenital 
nystagmus is actually horizontal-torsional congenital nys
tagmus. Visual acuity during horizontal foveation periods is 
not significantly diminished by torsional motion. In only 
one subject did the torsional component of the congeni
tal nystagmus have an amplitude equivalent to Listing tor
sion; in the other 12 subjects, torsion exceeded our estimate 
of what Listing's law would predict. The torsional com
ponents of the seesaw nystagmus in two subjects also 
greatly exceeded the torsion predicted by Listing torsion. 
The most parsimonious explanation for our data is that the 
cyclic torsion in congenital nystagmus was generated cen
trally and not a result of Listing torsion, mechanical 
crosstalk, or normal or abnormal extraocular-muscle (plant) 
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dynamics. Further measurements are needed to confirm 
this hypothesis. 

(J Neuro-OphthalmoI2002;22: 22-32) 

C
ongenital nystagmus usually manifests itself in the 
horizontal plane, with only rare cases having a vertical 

component. In patients with this configuration, the congen
ital nystagmus could have either a diagonal or an elliptical 
trajectory, depending on the relative amplitudes and phases 
of the oscillations in each plane. Because the magnitude and 
speed of the horizontal oscillations of congenital nystagmus 
are often large, it is difficult to determine, by inspection 
alone, whether there is an accompanying vertical or tor
sional component. The development of the means to make 
precise measurements of eye rotations in all three directions 
(1,2) has made it possible to address these issues. We 
present here our findings from 13 subjects whose wave
forms typical of congenital nystagmus we have recorded 
over a IS-year period. 

There have been only two other studies of the tor
sional component in subjects with clinically classified 
"horizontal" congenital nystagmus. One reported that the 
torsional component was related to the horizontal compo
nent in three of the four subjects recorded (3). The second 
found that the "basic configuration" of Listing's plane re
mained intact in congenital nystagmus but that there were 
short-term (cycle-to-cycle) violations of Listing's law (4). 
In this report, we examine further the torsional components 
of the "horizontal" congenital nystagmus in 13 individuals 
and discuss the cause of this clinically hidden oscillation. 
We investigate whether it is due to Listing torsion (5) or to 
an underlying instability in the torsion control subsystem 
and emphasize the relationship between both components 
of the congenital nystagmus during the foveation periods, 
when visual acuity is most affected by retinal image posi
tion and velocity. 

METHODS 

Patient Selection 
During the past 15 years, we recorded the eye move

ments of 13 patients, using the three-dimensional magnetic 
search coil technique, who showed nystagmus waveforms 
typical of congenital nystagmus. Not all patients were 
thought to have congenital nystagmus when referred, and 
some presented with visual complaints or dizziness. Their 
clinical and oculographic features are summarized in Table 
1. Over this same time period, we made a total of 465 re
cordings of subjects with congenital nystagmus, but mainly 
preferred to use an infrared technique, especially in chil
dren. Thus, the selection of the subjects reported here is 
influenced by age and also, in six patients, by visual 
complaints, sometimes appearing in adulthood. The eye 
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movements of 13 subjects with congenital nystagmus (6 
male and 7 female, ranging in age from 25 to 45 years) were 
recorded. In addition to six subjects (S I-S6) whose congen
ital nystagmus was predominantly horizontal and who ex
hibited no symptoms, we studied six subjects with congen
ital nystagmus plus adult-onset symptoms (including oscil
lopsia), suggesting possible additional oscillations. In the 
latter group, four cases were predominantly horizontal, one 
(S 11) had diagonal congenital nystagmus, and one (S 13) 
had seesaw nystagmus and diagonal congenital nystagmus. 
Also studied was the patient known as S 12, who had no 
symptoms but had seesaw nystagmus and diagonal congen
ital nystagmus. This research, involving human subjects, 
followed the Declaration of Helsinki, and informed consent 
was obtained after the nature and possible consequences of 
the study were explained. The research was approved by an 
institutional review board. 

Recording 
Horizontal, vertical, and torsional rotations of both 

eyes were recorded in the Ocular Motor Neurophysiology 
Laboratory using the "double loop" scleral search coil 
method with 6-foot field coils (CNC Engineering, Seattle, 
WA). The coil system bandwidth wa� 0 to 150 Hz, with a 
linear range of greater than ±20 degrees and a sensitivity of 
0.1 degree in all three planes. The subject's head remained 
within the 30 cm cube of the magnetic field, where the 
translation artifact was less than 0.03 degrees/cm. Horizon
tal and vertical rotations of the coils of up to 20 degrees 
produced less than 0.5 degrees of crosstalk in the torsional 
channel. Data were filtered (bandwidth 0-90 Hz) and digi
tized at 200 Hz (S6 at 400 Hz and S 12 at 500 Hz) with 16-bit 
resolution using a PCI-MIO-16XE50 DAQ board (National 
Instruments, Austin, TX). Scleral-coil (Skalar, Delft, the 
Netherlands) gains were calibrated using a protractor de- . 
vice capable of rotations in each plane. Coil data were ad
justed for bias during analysis. The mean foveation position 
of each eye was set to 0 degrees to align it to the target 
position during fixation in primary (central, see later dis
cussion) position. This is routinely done for most other 
types of eye-movement recording methods, and, although it 
does not guarantee that the O-degree eye position coincides 
with a target image on the center of the fovea, it does place 
o degrees at the subject's chosen point of fixation. Except 
for rare cases of extrafoveal fixation or certain types of 
foveal aplasia, it is reasonable to equate 0 degrees with the 
foveal center, especially when the subject has good vision. 

Protocol 
During search-coil recording, the subject was seated 

1.2 m in front of a translucent screen upon which the targets 
were projected. The head was stabilized in the straight
ahead position and the subject was instructed to move only 
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TABLE 1. Torsional nystagmus components and waveforms 

A verage amplitudes 
Waveforms 

Hor Vert Tor 

S Nystagmus Hor Vert Tor Quad rp-p) (Op_p) (Op_p) Symptoms 

1 CN-h +PPfs +PPfs T 1.80 0.87 
2 CN �J �J T 9.82 2.47 

+Jef +Jef N 4.46 0.80 
3 CN +Jef +Jcf N 0.69 0.65 

�PPfs �PPfs N 2.56 1.29 
4* CN-h �Jef +Pfs T 2.65 0.88 

+Jef �PC N 1.37 0.84 

5 CN �Jcf �Jef T 6.62 6.02 
6 CN/APAN �Jef �Jef N 5.53 0.46 
7 CNt +Jef +Jcf N 1.17 0.26 OSOP, diplopia 

8 CN,DYSM +Jef +Jef N 2.62 0.36 Poor vision 

9 CN,PAN +J +J T 7.47 0.74 OSOP, dizziness 

10 CNt +J +J N 10.74 3.56 OSOP, imbalance 

11* CN§ �Pfs �Pfs +Pfs N 6.91 9.58 1.86 OSOP 
�J �PC +PC N 3.51 4.05 1.58 

� Jef �PC +PC N 2.83 4.92 2.94 
12 CN �PC �PC +PC T 5.72 2.12 2.45 

SSN(RE) +P +P �P 8.58 5.70 6.28 
13 CN �PC +PC �PC T 3.06 1.11 2.58 OSOP, blurring, diplopia 

SSN(RE) +P +P �P 5.59 4.86 18.26 

" torsional and horizontal waveforms differ; t, "aware his eyes were moving"; t, vestibular hypofunction; §, Lithium; +, rightward, upward, or 
clockwise; -, leftward, downward, or counterclockwise; APAN, asymmetric (a)periodic alternating nystagmus; CN, congenital nystagmus; CN-h, heredi-
tary congenital nystagmus; DYSM, dysmetria (saccadic); FLUT, flutter; Hor, horizontal; J,jerk; Jer,jerk with extended foveation; P, pendular; PI';' pendular 
with foveating saccades; PC, pseudocycloid; PP fs' pseudopendular with foveating saccades; OSOP, oscillopsia; Quad, quadrant (N-nasal, T -temporal); 
RE, right eye; S, subject; SSN, see-saw nystagmus; Tor, torsional; Vert, vertical; VN, vestibular nystagmus. 

the eyes to view each target as it was turned on. Subjects 
attempted to fixate a laser spot located in a central position, 
or when it was displaced 5 to 15 degrees horizontally or 
vertically. The specific data used for this study were re
trieved from those collected using our general protocol for 
congenital nystagmus patients, which includes horizontal 
and vertical saccades, smooth pursuit, and vestibulo-ocular 
reflex and fixation, saccades, and pursuit in depth. The main 
purpose of the recordings was to diagnose the nystagmus, 
identify null angles, and suggest therapies. Documenting 
the torsional components was a secondary aim, and there 
was no time to plot the torsion over multiple fixation points, 
as would be required to identify Listing primary position. 
All test procedures were carefully explained to the subject 
before the experiment began and were reinforced with ver
bal commands during the trials. The room light could be 
adjusted from dim to blackout to minimize extraneous vi
sual stimuli. An experiment consisted of one to 10 trials, 
each lasting less than 1 minute, with extra time allowed be
tween trials for the subject to rest. Trials were kept this short 
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to guard against boredom, because congenital nystagmus 
intensity is known to decrease with inattention. 

Ocular Motor Conventions 
Standard, historical (Kestenbaum) ocular motor con

ventions were followed (6). For movements in all planes, 
directions are from the subject's point of view (positive 
horizontal, vertical, and torsional directions were right, up, 
and clockwise, respectively). These conventions preserve 
consistency between planes as well as between the direc
tions of eye movement and those of perceived motion (os
cillopsia), if present. Defined motions are independent of 
head position ("up" is toward the forehead and "clockwise" 
is curvilinear rotation of the top pole of the globe to the 
subject's right and down). In keeping with historical prec
edent and clinical usage, primary (or central) position cor
responded to the position of the eyes during fixation of a 
distant target located straight ahead on the horizontal me
ridian. To avoid ambiguity, we used the term "Listing pri
mary position" when referring to the position from which 
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all horizontal or vertical movements have no induced tor
sion. We note that primary/central position is the same fixed 
position in space for all normal individuals, whereas Listing 
primary position is idiosyncratic, can be time-varying, and 
does not represent a fixed position in space. 

Analysis 
Data analysis (and filtering, if required), statistical com

putation of means and standard deviations, and graphic pre
sentation were performed using the MA TLAB (The Math
Works, Natick, MA) software for scientific computing. 

Using Fick coordinates, Listing torsion is given by 
the following equation: 

t\J = arcsin {sin 4> sin 8/(1 + cos 4> cos 8)}, 

where t\J is clockwise (positive) torsion, 4> is rightward 
(positive) motion, and 8 is upward (positive) motion (7). 
Lacking the data to accurately determine Listing primary 
position, we presumed it to be at primary position for our 
worst-case analysis. For the purposes of comparing the tor
sional component of congenital nystagmus with that pre
dicted by Listing's law, congenital nystagmus magnitude 
was calculated as (H2 + y2)1/2, where H and Y are the re
spective horizontal and vertical (if any) peak-to-peak am
plitudes of the congenital nystagmus cycle. The congenital 
nystagmus was treated as horizontal if the vertical compo
nent did not alter the above-calculated congenital nystagmus 
magnitude by 2% or more. In 6 of 10 such subjects, the change 
in congenital nystagmus magnitude was less than 0.5%. 

To calculate the standard deviations of the congenital 
nystagmus waveform's foveation periods in a given inter
val of fixation (2-5 seconds), the NAFX function was used 
(8). The NAFX is an expansion of the NAF, a function that 
provides a measure of the foveation quality of a nystagmus 
waveform that is proportional to potential visual acuity (9). 
This measure of potential visual acuity for individuals with 
congenital nystagmus, who do not exhibit acuity-limiting 
symptoms, automatically calculates both the standard de
viation of mean foveation position and velocity. The NAFX 
algorithm also calculates the foveation-period time interval. 
For those lacking well-developed foveation (within the 
±0.5 degrees by ±4 degree/sec window), the NAFX allowed 
inclusion of foveation periods that fell within an expanded 
foveation window whose dimensions were chosen to fit 
each individual's foveation abilities. The effects of the tor
sional component of congenital nystagmus on visual acuity 
depend on the amplitude of the torsional oscillation during 
the foveation period and the standard deviation of the mean 
horizontal foveation positions. We are not referring to list
ing torsion in this determination. If there were no horizontal 
motion, torsion about the center of the fovea would not be 
expected to diminish visual acuity. This is because a high
spatial-frequency (small) target would remain at the center 
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of the fovea. However, if the eye is off target (as occurs 
when a subject with congenital nystagmus fails to exhibit 
well-developed foveation), torsional motion causes the im
age of the small target to move on the retina by an amount 
(Lld) equal to the product of the measured torsional angular 
motion (t\Jm) and the distance (r) of the target image from the 
center of the fovea (Lld = rt\Jm). Thus, the less well devel
oped the horizontal foveation ability is (the greater the stan
dard deviation of foveation positions, resulting in larger 
values of r), the greater the torsion-induced retinal image 
motion (Lld) and the greater the impact of torsional angular 
motion (t\Jm) on visual acuity. Conversely, the more well 
developed the horizontal foveation is, the less the effect of 
decrement torsional motion on visual acuity. Comparisons 
ofNAFX values were made with and without inclusion of 
the torsional components of the congenital nystagmus. 

We used nystagmus phase-plane analysis to study the 
simultaneous relationship between the position and veloc
ity of the eye (and, hence, of retinal image). The trajectories 
seen on phase plane plots are always in a clockwise direc
tion if the conventions of first quadrant direction and veloc
ity being positive are adhered to. Saccadic movements ap
pear as high-velocity clockwise loops; rightward saccades 
would show positive velocities and directions while left
ward saccades would be negative. The trajectories of re
spective slow movements would also appear clockwise, 
with lower velocities. Phase planes provide an easy graphic 
identification of those periods when the target image is both 
stable and on the fovea. During smooth pursuit or vestibulo
ocular reflex (YOR) analysis, phase planes of retinal image 
motion or gaze identify those periods of stability indicative 
of good pursuit or YOR, respectively. Further details on the 
use of phase planes can be found elsewhere (10-12). 

Nystagmus scanpath plots (vertical versus horizontal 
motion) of both position and velocity allow one to deter
mine whether the minima for eye position and velocity are 
synchronous in the horizontal and vertical planes. Unlike 
the classic scanpaths of normal subjects during viewing of a 
complex scene, these are scanpaths of the eyes produced by 
ocular oscillations during fixation on a single target (nys
tagmus scanpaths). These and the phase planes can provide 
evidence of simultaneous satisfaction of the position and 
velocity criteria in both planes. 

Nystagmus conjugacy plots (OS versus OD) for the 
horizontal, vertical, and torsional planes of motion demon
strate the relative amplitudes and phases of the motions of 
the two eyes. 

Determining the exact Listing primary position is a 
time-consuming process requiring measurements at all 
points on a finely meshed grid. The complete evaluation of 
patients with nystagmus requires that a variety of clinically 
important measurements be made within the 30-minute 
time limit we impose for coil recordings. Because the data 
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gathered from our general recording protocol for nystag
mus patients precluded evaluating Listing primary position, 
we used an indirect method of analysis of the torsional con
genital nystagmus components. Listing torsion was plotted 
for the diagonal (tertiary) motion to yield the worst case 
(i. e., greatest predicted Listing torsion) against which the 
torsional components of "horizontal" (or, in some cases, 
predominantly horizontal) congenital nystagmus were 
compared. The predicted, theoretical Listing torsion (L T) is 
set equal to that measured for tertiary motion and is given 
by the following equation: 

LT = (O.lM)2 

where M is the magnitude of the tertiary motion [From Fig
ure 6 (7)]. For tertiary motion measured in the nasal quad
rant, the data in that same figure indicate that L T = 

l.5(0.I Mf. 
The actual Listing torsion expected in the 10 cases 

with primarily horizontal congenital nystagmus motion is 
well below that of tertiary motion and should approach 0 for 
cases in which primary/central position corresponds to List
ing primary position. In the three cases (S 11, S 12, and S 13) 
in which the congenital nystagmus was truly diagonal, the 
torsional component should equal Listing torsion if that is 
its source. 

RESULTS 

The main clinical and oculographic findings of the 
patients studied are summarized in Table 1. 

The signs of the waveforms allow interplanar com
parisons of congenital nystagmus direction (positive is 
right, up, or clockwise, as defined in the Methods section); 
they were the same (positive or negative) in 10 subjects and 
different in three (S4, S 11, and S 12). In two subjects ( *) , the 
torsional and horizontal waveforms differed. The seesaw 
nystagmus was pendular in both SI 2 and S13; it was pre
dominantly torsional in S13. To facilitate comparisons be
tween the torsional components and Listing torsion, the 
quadrant of the presumed-to-be-tertiary congenital nystag
mus motion was determined and included in Table I .  

Representative records from four subjects are sum
marized in Figures 1 through 6. Unless stated otherwise, the 
vertical components were either non detectable or less than 
the limits described in the Methods section. In the time 
plots, both a foveating and a braking saccade (13,14) are 
identified to aid in deciphering the phase-plane plots, 
in which foveating and braking saccades are also identi
fied. The phase planes also contain the foveation window, 
with foveal position and velocity limits for best acuity for 
each subject. 

Nystagmus Waveforms 
The plots in Figure I show the position, velocity, 

and phase planes of the pseudopendular waveform with 
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FIG. 1. Eye position (top) and velocity (middle) versus 
time and phase planes (bottom) of the horizontal and 
torsional components of 51 's pseudopendular with foveat
ing saccades congenital nystagmus waveform. Dot-dashed 
lines in the time plots indicate the extent of the fovea and 
± 4 degree/sec retinal slip velocity. Dashed box in the phase 
plane indicates the boundaries of the foveation window 
(± 0.5 degrees by ± 4 degree/sec) necessary for best visual 
acuity. BE, both eyes; R(L)EH, right (left) eye horizontal; 
R(L)ET, right (left) eye torsional; fs, foveating saccade; 
and bs, braking saccade. In Figures 1 through 6, horizontal 
motion is shown solid (heavy lines) and torsional-solid 
(light lines). 

foveating saccades (PP fJ of S 1. This most complex of con
genital nystagmus waveforms is mimicked exactly in the 
torsional plane (they are phase-locked, equivalent wave
forms). In this illustration, the torsional component is 
roughly 50% as large as the 1.5-degree peak-to-peak hori
zontal component. This is the congenital nystagmus of a 
subject with well-developed foveation. The locations of 
both foveating and braking saccades are indicated in one of 
the congenital nystagmus cycles. The foveating and braking 
saccades in both planes were phase-locked, as can clearly 
be seen in the velocity plot. More importantly, the low
velocity foveation periods in both planes coincide. 

Figure 2 shows the waveform and phase-plane plots 
of the jerk left waveform of S2. The torsional component 
mimics the horizontal component. The approximately 10-
to 15-degree peak-to-peak congenital nystagmus ampli
tudes are larger than those of S 1, and the torsional compo
nent, also larger, varies from 20% to 33% of the horizontal 
component. Also, the foveation is not as well developed, 
requiring an expanded ±2.5-degree position window and 
±I O-degree velocity window to define foveation. In Figure 
3, we see another waveform of S2, jerk right with extended 
foveation (JRef)' Note the dynamic overshoots in the hori
zontal foveating fast phases. Again, with the exception 
of the dynamic overshoots, the torsional and horizontal 
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FIG. 2. Eye position (top) and velocity (middle) versus 
time and phase planes (bottom) of the horizontal and 
torsional components of 52's jerk left congenital nystagmus 
waveform. Dashed lines in the time plots indicate the 
extent of the expanded fovea (± 2.5 degrees) and ± 1 0 
degree/sec retinal slip velocity. Dashed box in the phase 
plane indicates the boundaries of the expanded foveation 
window (± 2.5 degrees by ± 1 0 degrees/sec). BE, both 
eyes; R(L)EH, right (left) eye horizontal; R(L)ET, right (left) 
eye torsional; fs, foveating saccade; and bs, braking saccade. 

components (especially the foveation periods) are phase
locked and the waveforms equivalent. The I -degree peak
to-peak torsional component is 20% to 25% of the 4- to 
5-degree peak-to-peak horizontal component. 

Figure 4 shows the differences in congenital nystag
mus waveforms of S4's horizontal and torsional compo
nents. In this subject, spontaneous reversals of the Jef wave
form's horizontal direction produced two different 
waveforms in the torsional plane, pseudocycloid and pen
dular with foveating saccades (P fs) ' The "foveating sac
cades" of the torsional waveforms are saccades that are 
phase-locked with the actual foveating saccades in the hori
zontal (and vertical, if present) direction. The counter
clockwise fast phases of the pseudocycloid corresponded to 
the JRef waveform and the clockwise foveating saccades of 
the P fs corresponded to the JLef waveform. Despite the 
waveform differences, they were phase-locked in both 
planes; this allowed the foveation periods in both planes to 
overlap. The phase plane shows that both jerk directions 
resulted in satisfying the foveation-window criteria. 

In Figure 5, both the measured torsional component 
of S9's congenital nystagmus and that predicted by Listing 
torsion are plotted for comparison. In both panels, it is clear 
that the Listing torsion is of much lower amplitude than that 
actually measured. In the lower panel, where the Listing 
torsion is increased by a factor of 10 to enable comparison, 
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FIG. 3. Eye position (top) and velocity (middle) versus 
time and phase planes (bottom) of the horizontal and 
torsional components of 52's jerk right with extended fo
veation congenital nystagmus waveform. Dot-dashed lines 
in the time plots indicate the extent of the fovea and ± 1 0 
degrees/sec retinal slip velocity. Dashed box in the phase 
plane indicates the boundaries of the expanded foveation 
window (± 0.5 degrees by ± 1 0 degrees/sec), BE, both 
eyes; R(L)EH, right (left) eye horizontal; R(L)ET, right (left) 
eye torsional; fs, foveating saccade; and bs, braking saccade, 
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FIG. 4. Eye position (top) versus time and phase planes 
(bottom) of the horizontal and torsional components of 
54's jerk right (JRel) and left (]Lel) with extended foveation 
congenital nystagmus waveforms. Both torsional wave
forms, pseudocycloid (PC) and pendular with foveating sac
cades (Pis), differ from the horizontal waveform. Dot-dashed 
lines in the time plots indicate the extent of the ± l-degree 
extended foveation positions. Dashed box in the phase 
plane indicates the boundaries of the expanded foveation 
window (± 1 degree by ± 4 degrees/sec). BE, both eyes; 
R(L)EH, right (left) eye horizontal; R(L)ET, right (left) eye 
torsional; fs, foveating saccade; and bs, braking saccade. 
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FIG. 5. Three-dimensional eye position versus time of 59's 
OD (top), including the Listing torsion component (REL T) 
calculated from the horizontal and vertical data using the 
equation given in the Methods section. A comparison of the 
Listing torsion (multiplied by a factor of 1 0) and the mea
sured congenital nystagmus torsion (bottom). Horizontal, 
torsional, and Listing torsion shown in solid, vertical, and is 
shown dashed lines. Oat-dashed lines in the time plots indi
cate the extent of the fovea. BE, both eyes; R(L)EH, right 
(left) eye horizontal; R(L)ET, right (left) eye torsional; fs, 
foveating saccade; and bs, braking saccade. 

it can be seen that the direction of the measured congenital 
nystagmus torsion is opposite to that predicted by Listing 
torsion and that the individual cycle-to-cycle waveforms do 
not coincide. Also, the extremely small, predicted Listing 
torsion ( :s0.03 degrees) reflects the predominantly hori
zontal nature of the congenital nystagmus and is much less 
than that predicted for presumed tertiary motion (see later 
discussion; Figs. 8 and 9). 

Figure 6 shows the three-dimensional recordings of 
S 12, whose nystagmus consisted of a complex combination 
of a 4 Hz congenital nystagmus (pseudocycloid waveform) 
and a 1 Hz seesaw nystagmus (pendular waveform). As the 
two top graphs show, during this interval of right-eye fixa
tion, the slower seesaw nystagmus was superimposed on 
the higher frequency horizontal congenital nystagmus. The 
as was both esotropic and hypotropic, as can more easily 
be seen in the scanpaths at the lower left. The scanpaths 
(horizontal versus vertical motion) of both eyes also show 
that the slow vertical motion of the two eyes is superim
posed on the rapid horizontal motion. In Figure 6 (lower 
right), conjugacy plots of the congenital nystagmus and the 
seesaw nystagmus in S12's two eyes (aD versus aS) dem
onstrate the horizontal and torsional conjugacy (positive
slope diagonal trajectories indicate O-degree phase dif
ference) and the vertical disconjugacy (negative-slope 
diagonal trajectories indicate 180-degree phase difference). 
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The conjugacy plots also show the esotropic and hypotropic 
position of the as and the fixation of the aD. 

Target Foveation and Acuity 
The NAFX values (8) for SI through S6 (the patients 

with only congenital nystagmus and no symptoms) were 
calculated and compared with recalculations that included 
the retinal motion due to the actual, measured torsional 
component of the congenital nystagmus (not the predicted 
listing torsion). The original NAFX values for all wave
forms exhibited by these six patien!� �anged from 0.804 to 
0.065 (corresponding to predicted visual acuities ranging 
between 20/20- and 20/685-, respectively). When the reti
nal-image-motion effects of the torsional components were 
included, the recalculated NAFX values differed by per
centages ranging from 0.002% to 0.098% (median, 
0.015%), representing a median percentage change in pre
dicted acuity of 0.02%. 

Listing Torsion 
We plotted the relative amounts of the torsional com

ponents of each subject's congenital nystagmus and com
pared them to that predicted by Listing torsion with the 
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FIG. 6. Three-dimensional eye position versus time of 51 2's 
left (top left) and right (top right) eyes. Nystagmus scan
paths (bottom left) of 51 2's horizontal and vertical oscil
lations caused by the combination of congenital nystagmus 
and seesaw nystagmus showing the diagonal nature of the 
resulting motion. In the conjugacy plots (bottom right), 
the relative phases of the motion of both eyes in each plane 
are shown. In the time and conjugacy plots, vertical motion 
is shown as a dashed line (as is the LE motion in the scan
path), and in the top right panel, RET was shifted 1 5  de
grees clockwise for clarity. BE, both eyes; R(L)EH, right (left) 
eye horizontal; R(L)ET, right (left) eye torsional; fs, foveating 
saccade; and bs, braking saccade. 
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worst-case presumption that the congenital nystagmus was 
diagonal. From Figure 7, it can be seen that there is a wide 
variation in the relative percentages of the torsional compo
nents of the congenital nystagmus across subjects and 
across waveforms; the relative percentages are idiosyn
cratic and vary from 8.l6% to 94.42% (median, 32.94%). In 
S4, who exhibited two different torsional waveforms (both 
of which differed from the horizontal), the two percentages 
were 32.74% (Prs) and 61.01% (pseudocycloid). In Sll, the 
three percentages were 18.03 % (Prs)' 29. 52% Uerk
pseudocycloid), and 55.08% (pseudocycloid). Both sub
jects showed large waveform-dependent differences. 

In Figure 8, the measured congenital nystagmus and 
torsional amplitudes are plotted for each subject and, for 
comparison, the predicted, theoretical Listing torsion for 
tertiary motion. In all cases, the measured torsion exceeded 
the predicted Listing torsion. The amounts by which actual 
measured torsion exceeded Listing torsion are shown more 
clearly in Figure 9, where the percentages of torsional to 
horizontal amplitude are plotted against congenital nystag
mus amplitudes for each subject and the comparative List
ing percentages are also shown. 

In S5, we measured the torsional components at 
four secondary (±15 degrees horizontal and ±15 degrees 
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FIG. 7. A plot showing the average percentage of the total 
congenital nystagmus magnitude that the torsional com
ponent represents. Each subject's congenital nystagmus 
waveforms are shown and, for 54 and 511, the differing 
torsional waveforms are also indicated. In this and Figures 8 
and 9, the symbols indicate the horizontal congenital nys
tagmus waveform: circle, pendular; diamond, pendular 
with foveating saccades; square, pseudopendular with fo
veating saccades; +, jerk with extended foveation; up
triangle, jerk; and down-triangle, pseudocycloid. As indi
cated in this Figure and Figure 9, the percentage of 513's 
seesaw nystagmus is plotted at 0.33 of its calculated value. 
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vertical) and four tertiary (±15 degrees horizontal and ver
tical) positions. The torsional components for all positions 
are shown in Table 2. Both the measured values and the 
percentages they represented were lower in three of the four 
secondary positions and in three of the four tertiary posi
tions than in the primary/central position. 
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congenital nystagmus amplitudes for each subject; the per
centages of predicted Listing torsion for tertiary motion are 
also shown. 
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TABLE 2. Torsional nystagmus in secondary and tertiary 
positions for subject 5 

Vertical 
Horizontal position 

position -ISO 0° +ISo 

+ISo 6.63° = 90.3% 6.06° = 114.6% S.ISo = 104.8% 
0° 4.30° = 82.1 % 6.02° = 94.4% 4.1So = 90.3% 

-ISo S.S2° = 87.4% 3.78° = 69.8% 2.76° = 9l.6% 

Although all eye positions were measured from primary/central posi
tion, which may or may not correspond exactly to Listing primary position 
for this subject, the secondary and tertiary positions used place them well 
within the equivalent Listing regions (secondary and tertiary). 

DISCUSSION 

Clinical Diagnosis 
The existence of a torsional component to congenital 

nystagmus was originally suggested by an observation 
made by one of the authors of this study (LFD, who has 
congenital nystagmus). While he was sitting in a car and 
not attending to a visual task, the horizontal outline of 
the top of the dashboard (in his lower visual field) occasion
ally appeared to be rocking in a torsional manner. This tor
sional oscillopsia disappeared immediately when the sub
ject (S 1) fixated any object in front of him. Studies of S 1 's 
congenital nystagmus disclosed that there was no vertical 
component, and the congenital nystagmus was considered 
to be a uniplanar, "horizontal" oscillation. However, the 
occasional torsional oscillopsia suggested that, at least un
der some conditions, a torsional component might be
come manifest. 

In 1986, using a torsional search coil, we documented 
a significant torsional component in S 1 's congenital nys
tagmus waveform (15). Thus, despite the absence of a ver
tical component, the "uniplanar" congenital nystagmus os
cillation was actually both horizontal and torsional. It is sig
nificant that this individual's congenital nystagmus is the 
most extensively documented in the literature (10-13 ,16-
26) and has been examined clinically over the past 40 years 
by many of the most astute observers of ocular motor oscil
lations. Despite such scrutiny, the torsional component of 
S l' s congenital nystagmus had been consistently missed. 
Part of the difficulty may be due to the phase-locked nature 
of the oscillations in the two planes. As our recordings dem
onstrated, there is a significant torsional component in most 
cases of "horizontal" congenital nystagmus, with average 
percentages ranging from 13.91 to 94.42% of the congenital 
nystagmus amplitude. Thus, although pure horizontal con
genital nystagmus may exist (as, perhaps, in S6), it appears 
to be much less common than horizontal-torsional congen
ital nystagmus. 
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Visual Acuity 
We compared the best-corrected visual acuities of SI 

through S6 predicted by NAFX values calculated using 
only the horizontal component of the congenital nystagmus 
with those calculated after inclusion of the torsional com
ponent. Our data confirmed the hypothesis that the pre
dicted visual acuity of individuals with well-developed fo
veation is only minimally affected by torsional components 
of the congenital nystagmus (S2's percent NAFX change 
of 0.002% is equivalent to a 0.003% change in predicted 
visual acuity). The median chan&.

e in the NAFX values 
of 0.0 15% corresponds to a change In predicted visual acu
ity that is well below the accuracy with which acuity can 
be measured. Thus, even for patients with significant tor
sional components of congenital nystagmus and lacking 
well-developed foveation, predicted visual acuity was vir
tually unaffected. 

Torsional Mechanism 
There are several possible mechanisms that might be 

responsible for the torsional component of "horizontal" 
congenital nystagmus. The two most probable are (1) a re
flection of the Listing torsion seen in all tertiary positions of 
gaze, and (2) a centrally generated instability in the tor
sional control system (sites mediating torsional eye move
ments). It has been demonstrated that torsion is induced 
during horizontal rotations of the eye that begin from a po
sition other than the Listing primary position (which is id
iosyncratic in direction and size and extremely variable) 
(7,27). The amount of Listing torsion is approximately 0% 
to 30% for 0 to 30 degrees of diagonal rotation. 

Our data were taken as the subjects fixated on targets 
in primary/central position (as it is commonly defined clini
cally) and, for some subjects, in various secondary and ter
tiary positions. Primary/central position may differ by sev
eral degrees from what is defined as the Listing primary 
position. Thus, congenital nystagmus of amplitudes rang
ing from 1 to 20 degrees peak-to-peak might be expected to 
induce torsional components of 0.01 to 4 degrees peak-to
peak, respectively, depending on the amount of difference 
between primary/central position and an individual's List
ing primary position. If they are due to Listing torsion, we 
should expect that for large vertical gaze angles, the tor
sional components for the same horizontal congenital nys
tagmus should be larger than those in primary/central posi
tion, the latter being closer to the Listing primary position. 

We found that the average torsional components of 
congenital nystagmus measured in primary/central position 
fell in the range of 8.16% to 94.42%. In fact, for S5, indi
vidual percentages greater than 100% (e.g., 125.1 %) were 
measured. These average percentages, which varied from 
13.91% to 94.42% in 11 of 13 subjects, were far greater 
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than those predicted by Listing torsion for the respective 
congenital nystagmus motions (0.69-11.83%; median, 
4.91 %). Even in the close cases of S6, S9, and for one of 
Sl1 's three waveforms, all values were greater than the 
measured Listing torsion for temporal-quadrant motion 
(equal to the predicted theoretical Listing torsion) and equal 
to that of measured nasal-quadrant motion. Because the 
congenital nystagmus motion for S9 was temporal (Table 1) 
and the measured congenital nystagmus torsion far ex
ceeded the actual predicted Listing torsion (Fig. 5), only 
the torsion measured for S6 and one of three waveforms of 
S 11 could be caused solely by Listing torsion in this worst
case calculation. However, the measured congenital nys
tagmus torsion for S6 also far exceeded (by a factor of 
21.5) the predicted Listing torsion (based on the actual hori
zontal and vertical components). As in the data of Figure 7, 
waveform did not determine percentage differences be
tween measured and predicted torsion across subjects. 
Owing to their magnitudes, the torsional components of 
S 13 's seesaw nystagmus were plotted at 0.33 (Figs. 7 and 9) 
or 0.5 (Fig. 8) of their actual values (264.02% and 18.26 
degrees, respectively). 

Furthermore, the data in Table 2 show that the tor
sional components of the congenital nystagmus (in patient 
S5) measured at secondary and tertiary gaze angles were 
not greater than those measured in primary/central position; 
in fact, in six of the eight positions, they were lower. A 
simple offset bias of the true Listing primary position would 
not yield such a map of torsional amplitudes. These data 
reflect the dependence of congenital nystagmus amplitude 
on eye position (nystagmus greater in upward or rightward 
gaze). They do not support the hypothesis that the torsional 
components of congenital nystagmus are due to Listing 
torsion. Finally, in S4 and S 11, the torsional components of 
the congenital nystagmus had different waveforms than 
the horizontal components. This suggests independent in
stabilities and does not support either the Listing-torsion 
hypothesis or a simple mechanical crosstalk in the ex
traocular plant. 

We also considered the possibility that our measure 
of primary/central position differed from Listing primary 
position by several degrees. The latter position is known to 
be variable, and its mean values have been found to be 6.9 
degrees in the horizontal plane and 0.7 degrees in the ver
tical plane (7). Given the idiosyncratic nature of Listing pri
mary position, one should expect that the individual varia
tions of our subjects would be randomly distributed in both 
amplitudes and directions; they were not. Using the data of 
S9 in Figure 5 as an example, the torsional congenital nys
tagmus component exceeded by a factor of 37.2 that pre
dicted by Listing torsion and it was in the wrong direction. 
Recalculating the Listing torsion for presumed ±6.9-degree 
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errors in the position of either horizontal or vertical Listing 
primary position yielded amplitude difference factors 
ranging from 2.8 to 62.5, with the direction remaining in
correct in three of the four comparisons. Again, using our 
worst-case approach and shifting the points for all subjects 
rightward by 6.9 degrees in Figure 9 (i. e. , toward the Listing 
torsion curve), only the data from two additional subjects 
would come close to Listing torsion (for nasal quadrants 
only), S2 and S8. The data from S2 and S8 would still re
main greater than Listing torsion, and the data from the re
maining eight subjects would contin1,le to far exceed Listing 
torsion. Even for this worst-case pre�uillption of mislocal
ization of Listing primary position, 10 of the 13 subjects' 
torsion could not be attributed to Listing torsion (S4 and 
SII had different waveforms, S9's torsion was in the wrong 
direction, and S5's torsion did not vary as Listing torsion in 
different gaze positions). 

Taken together, the different horizontal and torsional 
waveforms that could simultaneously be exhibited in some 
patients, the higher torsional amplitudes in primary versus 
tertiary positions, the absence of a difference between pre
dominantly horizontal and diagonal congenital nystagmus, 
the instances in which the amplitudes of the torsional com
ponents exceeded those of the horizontal components, and 
the higher than predicted percentages represented by the 
torsional components support the hypothesis that, in many 
cases, torsional congenital nystagmus is caused by instabil
ity of torsional control. Further study of this suggestion, in
cluding the identification of Listing primary position in 
congenital nystagmus subjects using search-coil systems 
that use three separate field coils, is warranted. 

REFERENCES 
1 .  Robinson DA. A method of measuring eye movement using a 

scleral search coil in a magnetic field. IEEE Trans Bio Med Electron 
1 963 ; 1 0 : 1 3 7-45.  

2 .  Collewijn H, Van Der Mark F, Jansen TC. Precise recordings of 
human eye movements. Vision Res 1 975 ; 1 5 :447-50. 

3.  Bedell HE, White JM. The torsional component of idiopathic con
genital nystagmus. Invest Ophthalmol Vis Sci 1 995;3 6 : S 1 75 .  

4 .  Straumann D, Zee D S ,  Solomon D. Three-dimensional orientation 
of ocular rotation axes during congenital nystagmus. Soc Neurosci 
Abstr 1 997;23 :2222. 

5. Helmholtz HV. Handbuch der Physiologen Optik. Series Leipzig: 
Voss; 1 867. 

6 .  Kestenbaum A. Clinical Methods ofNeuro-Ophthalmologic Exami
nation. 2nd ed. New York: Grune and Stratton. 1 96 1 ; 1-577. 

7 .  Ferman L, Collewijn H, Van den Berg AV. A direct test oflisting ' s  
law. I .  Human ocular torsion measured i n  static tertiary positions. 
Vision Res 1 987;27:929-3 8 .  

8 .  Jacobs J B ,  Dell ' Osso L F .  A n  expanded nystagmus acuity function 
[ARVO Abstract] . Invest Ophthalmol Vis Sci 1 998;39: S 1 49. 

9 .  Sheth NV, Dell ' Osso LF, Leigh RJ, et al. The effects of afferent 
stimulation on congenital nystagmus foveation periods. Vision Res 
1 995;35 :237 1-82. 

10. Dell' Osso LF, Van der Steen J, Steinman RM, Collewijn H. Fove
ation dynamics in congenital nystagmus. I .  Fixation. Doc Ophthal
mol 1 992;79 : 1 -2 3 .  

31 



J Neuro-Ophthalmol, Vol. 22, No. 1, 2002 

I I . Dell' Osso LF, Van der Steen J, Steinman RM, Collewijn H. Fove
ation dynamics in congenital nystagmus. II .  Smooth pursuit. Doc 
OphthalmoI 1 992 ;79:25-49. 

12. Dell ' Osso LF, Van der Steen J, Steinman RM, Collewijn H. Fove
ation dynamics in congenital nystagmus. III. Vestibulo-ocular re
flex. Doc OphthalmoI 1 992;79 : 5 1 -70. 

1 3 .  Dell ' Osso LF, Daroff RB. Braking saccade: A new fast eye move
ment. Aviat Space Environ Med 1 976;47:43 5-7 . 

1 4 .  Jacobs JB, Erchul DM, Dell ' Osso LF. Braking saccade generation 
in congenital nystagmus [ARVO Abstract] . Invest Ophthalmol Vis 
Sci 1 996;37: S277. 

15.  Dell ' Osso LF, Daroff RB. Nystagmus and saccadic intrusions and 
oscillations. In Glaser JS, ed. Neuro-Ophthalmology. 3rd ed. Phila
delphia: Lippincott, Williams, & Wilkins. 1 999:369-40 1 .  

1 6 . Dell ' Osso LF. A Dual-Mode Model for the Nonnal Eye Tracking 
System and the System with Nystagmus. (Ph.D. Dissertation). In 
Electrical Engineering (Biomedical) .  Laramie: University of Wyo
mingo 1 968 :  1 - 1 3 1 .  

1 7 .  Dell ' Osso LF, Gauthier G ,  Libennan G, Stark L .  Eye movement 
recordings as a diagnostic tool in a case of congenital nystagmus. 
Am J Optom Arch Am Acad Optom 1 972;49 : 3- 1 3 .  

1 8 . Dell ' Osso L F .  Fixation characteristics i n  hereditary congenital nys
tagmus. Am J Optom Arch Am Acad Optom 1 973;50: 85-90.  

19 .  Dell ' Osso LF. Improving visual acuity in congenital nystagmus. In 

32 

Averbruch-Heller et al. 

Smith JL, Glaser JS, eds. Neuro-Ophthalmology Symposium of the 
University of Miami and the Bascom Palmer Eye Institute. Vol. VII. 
St. Louis:  CV Mosby Company. 1 97 3 : 98- 1 06.  

20.  Dell ' Osso LF,  Flynn JT,  Daroff RB . Hereditary congenital nys
tagmus: an intrafamilial study. A rch Ophthalmol 1 974;92 : 3 66-
74. 

2 1 .  Dell ' Osso LF, Daroff RB. Congenital nystagmus wavefonns and 
foveation strategy. Doc OphthalmoI 1 975;39 :  1 5 5-82. 

22.  Dell ' Osso LF. Prism exploitation of gaze and fusional null angles in 
congenital nystagmus. In Moore S, ed. Orthoptics: Past, Present, 
Future. New York: Symposia Specialists. 1 976: 1 3 5-42. 

23. Dell ' Osso LF. Evaluation of smooth pursuit in the presence of con
genital nystagmus. Neuro OphthalmoI 1 986;6 :383-406. 

24. Leigh RJ, Dell ' Osso LF, Yaniglos SS,  Thurston SE. Oscillopsia, 
retinal image stabilization and congenital nystagmus. Invest Oph-
thalmol Vis Sci 1 988;29:279-82. 

. .  

2 5 .  Dell' Osso LF, Traccis S, Abel LA, Erzurum SI. Contact lenses and 
congenital nystagmus. Clin Vision Sci 1 98 8 ; 3 : 229-32.  

26.  Dell 'Osso LF,  Averbuch-Heller L, Leigh RJ.  Oscillopsia suppres
sion and foveation-period variation in congenital, latent, and ac
quired nystagmus. Neuro OphthalmoI 1 997; 1 8 : 1 63-8 3 .  

2 7 .  Fennan L, Collewijn H, Van den Berg A V .  A direct test oflisting's  
law. II.  Human ocular torsion measured under dynamic conditions. 
Vision Res 1 987;27:939-5 1 .  

© 2002 Lippincott Williams & Wilkins 


	Scan-090818-0001
	Scan-090818-0002
	Scan-090818-0003
	Scan-090818-0004
	Scan-090818-0005
	Scan-090818-0006
	Scan-090818-0007
	Scan-090818-0008
	Scan-090818-0009
	Scan-090818-0010
	Scan-090818-0011

