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Straumann, D., D. S. Zee, and D. SolomorThree-dimensional 1990; Tweed et al. 1992). Listing’s law also specifies Donders’

kinematics of ocular drift in humans with cerebellar atroplly. |aw, which states that ocular torsion is unique for every direc-
Neurophysiol83: 1125-1140, 2000. One of the signs of the cerebellgbn of gaze (Donders 1848).

ocular motor syndrome is the inability to maintain horizontal an - . .
vertical fixation. Typically, in the presence of cerebellar atrophy, the A fundamental question of ocular motor physiology is

eyes show horizontal gaze-evoked and vertical downbeat nystagmif@€ther or not pathological eye movements can be identified
We investigated whether or not the cerebellar ocular motor syndroftiat do not comply with Listing’s law, and if these eye move-
also includes a torsional drift and, specifically, if it is independenments can be related to specific lesions in premotor, motor, or
from the drift in the horizontal-vertical plane. The existence of suchpaeriphera| structures of the ocular motor system (Straumann
torsional drift would suggest that the cerebellum is critically involvedng zee 1995). Theoretically, four types of violations of List-

in maintaining the eyes in Listing's plane. Eighteen patients witg, . |5,y can be expected: I, scattering of three-dimensional
cerebellar atrophy (diagnosis confirmed by magnetic resonance im=

aging) were tested and compared with a group of normal subjec“?é’.e positions on a nonpla.na.r surface ‘?‘“.””9 fixations _and
Three-dimensional eye movements (horizontal, vertical, and tdROVements; I, transient deviations from Listing's plane during
sional) during attempted fixations of targets at different horizontal ad after changes in eye position; Ill, active torsional move-
vertical eccentricities were recorded by dual search coils in a thré@ents out of Listing’s plane; and IV, passive torsional drift
field magnetic frame. The overall ocular drift was composed of anovements out of Listing’s plane.

upward drift that increased during lateral gaze, a horizontal centripetalType | violations of Listing’s law can be caused by mechan-
drift that appeared during lateral gaze, and a torsional drift thda| alterations of the ocular plant, e.g., orbital tumors.
depended on horizontal eye position. The vert!cal drift consisted of Type |l violations are transient and occur if, during a move-
two subcomponents: a vertical gaze-evoked drift and a constant Viefan; the axis of angular velocity does not tilt in the direction

tical velocity bias. The increase of upward drift velocity with eccentri - -
horizontal gaze was caused by an increase of the vertical velocity bi lg_gaze by a geometrically specified angle to compensate for

this component did not comply with Listing’s law. The horizontal- € noncommutativity of rotations (the so-called half-angle

eye-position—dependent torsional drift was intorsional in abductiGHI€)- TO @ STa" degree, such torsional blips (peak torsional
and extorsional in adduction, which led to an additional violation gi€viations=2°) can be seen during and after normal saccades

Listing’s law. The existence of torsional drift that is eye-position{Straumann et al. 1995, 1996). Large torsional blips called
dependent suggests that the cerebellum is critically involved in theacroblips (peak torsional deviatiorsl0°) were described in
implementation of Listing’s law, perhaps by mapping a tonic torsional patient with a lesion involving the cerebellar vermis, its deep
signal that depends on the direction of the line of sight. The magnituﬁgdei' and the dorsolateral medulla, suggesting that the cere-

of this Slgnal mlght reflect the difference in torsional eye poslthBe”um mlght be |nvolved |n |mp|ement|ng Llstlng’s IaW
between the torsional resting position determined by the mechanicsilq%'mchen et al. 1997).

the eye plant and the torsional position required by Listing’s law. Type Il violations of Listing’s law are to be expected

because any active torsional movement corresponds to such a
violation. They generally occur during vestibular stimulation
INTRODUCTION both normally, e.g., during torsional vestibular nystagmus

In normal human subjects, eye positions during steady :i;grawford and Vilis 1991), and in disease, e.g., during vertical-
0

ation follow a mathematical specification named Listing’s lawrSional benign paroxysmal positioning nystagmus (Fetter and

: o~ : o - Sjevering 1995).
if ocular positions during fixation are expressed as smg%_l_ype IV violations of Listing’s law are still hypothetical.

rotations from a common reference position, all rotation ax . I
lie in a plane, the so-called Listing’s plane (Helmholtz 1867%63’ would reflect the failure of the CNS to maintain the eyes

t Listing’s plane. Recent models of the three-dimensional
gglocity—to—position integrator assume that, in the absence of

applies to smooth pursuit eye movements and saccades (H\égﬁtlbular stimulation, only the horizontal and vertical compo-

wanter et al. 1991; Straumann et al. 1996; Tweed and Vifi‘%r.‘tS c.)f th.e.velocity-to-position i”t?gratof are beir]g loaded,
which implicitly results in eye positions in Listing’s plane

The costs of publication of this article were defrayed in part by the payme(]Quala and Optican 1998; Schnabolk and Raphan 1994; Tweed

of page charges. The article must therefore be hereby maskbaftisemerit  and Vilis 1987). In other words, velocity signals from the
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ saccadic and the pursuit systems are such that their integration

0022-3077/00 $5.00 Copyright © 2000 The American Physiological Society 1125



1126 D. STRAUMANN, D. S. ZEE, AND D. SOLOMON

does not lead to a change in torsional eye position, whitETHOD S

should always be zero if Listing’s law is valid and threeSubjects

dimensional eye position is encoded in a coordinate system that

is equivalent to rotation or quaternion vectors. It is important to Eighteen patients (P1-P18, age 40—69 yr, 9 female) with horizontal

realize that this view implies that the ocular plant is constructé@Ze-eévoked and downbeat nystagmus associated with cerebellar at-
such that, in the absence of an eye-position—dependent fQP"Y: as demonstrated by magnetic resonance imaging, were studied.
; e cerebellum was diffusely atrophied in each patient, i.e., both the

Slon",’ll tonic signal, L'Stmg'S law is gytomatlcally ImpIementmjparamedian and hemispheric cerebellar structures were affected. None
In this case, leaky velocity-to-position integration in the pregy the patients had neuroradiological or clinical findings that were
ence of saccadic or pursuit velocity signals will always lead tuggestive of extracerebellar involvement. The ocular motor findings
drift movements exclusively in Listing’s plane. If, howeverwere typical for the syndrome of the flocculus/paraflocculus (impaired
the mechanics of the eye plant dotimplement Listing’s law sSmooth pursuit system; postsaccadic drift; and gaze-evoked, down-
for fixations, it is necessary that the ocular motor systeb?at’ and rebound nystagmus). An additional deficiency of the nodu-
produce a tonic torsional signal that is specified by the ho 1S, ventral uvula, dorsal vermis, or fastigial nuclei was likely, but no

| and ical di - Thi . . | si a)ecific ocular motor tests were performed to assess the function of
zontal and vertical gaze direction. This tonic torsional sign@ese structures.

must compensate the torsional error caused by the “non-Listing-ourteen patients were tested at the Johns Hopkins Hospital in
mechanics” of the ocular globe. It follows that a failure to mapaltimore, Maryland, and four patients were tested at Zurich Univer-
correctly the appropriate tonic torsional signal to the horizosity Hospital, Switzerland. The comparison group consisted of 25
tal-vertical direction of gaze will lead to an eye movemeritormal subjects (N1-N25, age 1854 yr, 16 female), 21 of which were
drifting out of Listing’s plane after each saccade. The ampﬁgsted in Baltimore, the others in Zurich. The visual acuities in the

. . - normal subjects were 20/20 corrected. In Baltimore, informed written
tude of this slow torsional eye movement, in the absence of sent from patients and normal subjects was obtained after an

intervening saccade, would vary with gaze direction. explanation of the experimental procedure, which was in accordance
Itis likely that the elastic extorsional and intorsional forcegith the standards of and was approved by the Johns Hopkins Joint

acting on the ocular globe do not perfectly cancel for angommittee on Clinical Investigation. In Zurich, the paradigms of this

direction of gaze. For instance, Seidman et al. (1995) were abledy were part of the standard ocular motor testing battery. At the

to show that the time constants of torsional drift, after mechatine of patient recording, unwritten informed consent was sufficient.

ically forcing the eyes to extorsional or intorsional offset

positions, are different. Assuming such an anisotropy of elasiExperimental setup

restoring forces in the torsional direction, tonic torsional sig- The experimental setups in Baltimore and Zurich were identical

nals beco.me l_ndlspensable to ma_lntaln the eye in L'SthJﬁless stated otherwise. Ocular rotation of both eyes around all three
plane during fixations. Moreover, it may be that the oculgfiincipal axes (torsional, rollx axis; vertical, pitch,y axis; and
motor system holds two separate Listing’s planes: one detgérizontal, yawz axis) was simultaneously recorded with dual search
mined by the mechanical configuration of the eye plant, thweils (Skalar, Delft, Netherlands). The field coil system consisted of a
other implemented by the CNS. If the orientation of the “mesubic coil frame of welded aluminum that produced three orthogonal
chanical Listing’s plane” were different from the “neural List/nagnetic fields with frequencies of 55.5, 83.3, and 42.6 kHz and

P ” : ; ; tensities of 0.088 gauss. Amplitude-modulated signals were ex-
m% S_f{)lfane, “the ?blsuetncue of t?]nlc. t01§|ED?I 5|9nal W.?.UId lead racted by synchronous detection. The bandwidth of the system was
a drit irom “central” to "mechanical” LISung's posmions. 0-90 Hz. Peak-to-peak noise signals in all three principal directions

Examining patients with a cerebellar ocular motor Synsfer calibration, as measured by a dual search coil placed in the center
drome, in which it is difficult to maintain fixation, is a goodof the magnetic frame, were-0.05° in Baltimore and~0.1° in
way to test if type IV violations of Listing’s law exist. Typi- Zurich. The side length of the coil frame in Baltimore was 1.02 m, in
cally, the eyes drift both upward and in the horizontal-centrigcurich 1.40 m.
etal direction, which results in downbeat and horizontal gaze-
evoked nystagmus, respectively (Leigh and Zee 1999). Wlibration procedure
attempted to determine whether or not patients with cerebellar )
atrophy also have abnormal torsional drift movements and, bXThe voltage offsets of the system were zeroed by placing the dual

that. d trate th ist fat IV violati fLi arch coils in the center of a metal tube that shielded them from the
at, aémonstrate the exisience of a type 1v-violation ot LIS nagnetic fields. Thereafter, the relative gains of the three magnetic

ing's law. The following specific questions were asked: ige|ds were determined with the search coils on a gimbal system in the
Listing’s law valid in patients with cerebellar atrophy? Is th@enter of the coil frame. The details of the calibration procedure and
ocular drift in these patients two-dimensional (horizontal anfle computation of three-dimensional eye position are given in Strau-
vertical) or three-dimensional (horizontal, vertical, and tomann et al. (1995).
sional)? If present, is the torsional drift independent of the drift The three-dimensional eye position in the coil frame was expressed
in the vertical or horizontal direction? in rotation vectors. A rotation vectar = (r,, r,, r,) describes the
We show that, in addition to the well-known horizontainstantaneous orientation of a body as a single rotation from the
gaze-evoked and upward drifts, there is a drift in the torsionfgference position. The vector is oriented parallel to the axis of this
direction that is dependent on the horizontal eye position. Ttﬁ%at'on and its length is defined by tap/d), wherep is the rotation

. . . . gle. The coordinate system of rotation vectors was defined by the
torsional drift is independent of the upward drift and its Velo%ree head-fixed orthogonal axes of the coil frame with xhaxis

ity does not correlate with the velocity of horizontal drift. Thu$,ginting forward, they axis leftward, and the axis upward. The signs
the data suggest that the cerebellum is involved in mapping @notations around these cardinal axes were determined by the right-
appropriate tonic torsional signal for every direction of the lingand rule, i.e., clockwise, leftward, and downward rotations, as seen
of sight. by the subject, were positive.
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For each experimental trial, a plane was fitted through the dafarsional coil slippage

cloud of all rotation vectors: . . ) . . .
During search coil recordings, a long-term drift of torsional coil

Iry=ag+ ayry + aif, signals is frequently observed, which is most likely caused by a
) . gradual slippage of the silicon annulus on the conjunctiva around the
The offseta,, they slopea,, and thez slopea,, which determined the |ine of sight (Straumann et al. 1996; Van Rijn et al. 1994). Therefore
orientation of this best-fit plane, were used to rotate all eye positiof fixations that we used to determine Listing’s plane were all inside
such that this plane coincided with tlyez plane of the coordinate gz time interval of 60 s. When analyzing slow-phase eye movements of
system, and therefore the primary position WH_:h the r_eference_posmﬁystagmus at the angular velocity level, however, the very slow
I'er = (0, 0, 0). The corresponding vectgyfor this rotation was given artificial change of torsional eye position signals was negligible be-
by (Haustein 1989) cause here we were interested in the three-dimensional angular drift
direction of the eyes and not absolute ocular position. For this anal-
ysis, we used data from entire trials lasting 120 s, during which

From the rotation vectors that were rotated as described above, thiadigms were performed three times by the subjects.
dimensional angular velocity vectors were computed using the
formula (Hepp 1990) Pooling of binocular data

rp=(—ay, —a,, a,)

o =2(dr+rxdn/(1+]r]) In 17 of the 18 patients, eye movement recordings from both eyes

o were available. In one patient, the signals of one eye were corrupted

wheredr denotes the derivative afand X the cross product. Note pecause the wires of the annulus broke during recording. Of the 25
that, because.of 'the non.commutatlvny of.rotatlons,.three-dlmensmlpélanhy subjects, 20 were measured with annuli on one eye and the
angular velocity is not simply the derivative of position. _ other five had annuli on both eyes. Tables and statistical values were
For convenience, the lengths of rotation and angular velocity vegased on pooled data whereby data from the left eyes were mirrored.
tors were given in degrees (°) and degrees per second (°/s), respeg-convenience, summary figures contain only data from right eyes,

tively, but the right-hand rule was maintained when describing gt statistical information in the text is based on pooled data.
orientation of these vectors.

RESULTS
Experimental procedures
) o ] ] Listing’s law

Subjects were seated inside the field coil so that the center of the
interpupillary line coincided with the center of the frame. The head of We attempted to determine if Listing’s law is obeyed in
the subject was immobilized with a bite bar that was oriented in Ep‘atients with cerebellar atrophy. Because these patients
earth-horizontal plane with no rotation around the earth-vertical aXihowed Spontaneous nystagmUS’ especia”y downbeat nystag-
Dual search goils were mounted.on both eyes after the.conjunctifyf'%jS and horizontal gaze-evoked nystagmus, it was not a priori
Wasu?izzs?f;gﬁgxig gg&aefgawee}ggékgfﬁ E‘S(pgrtlhﬁ;'ﬁz'emi «irEvident during which phase of a nystagmus cycle eye positions
diodes (LEDSs) at different locations of an earth-vertical tangent scr%ggou'd be selected to test the validity O.f Listing's law. We
that was positioned 1.24 m in front of the center of the eyes. LE ose to perform the anaIySIS for fqur different dat‘?‘_ subsets
were consecutively switched on and off such that only one LED w&Xtracted from single experimental trialy: all eye positions,
lit at any time in dim light or complete darkness. In Zurich, light dotg) desaccaded eye positions (fixations and slow pha&gs),
were rear-projected onto a translucent tangent screen. presaccadic eye positions (interval of 5-55 ms before the

Voltages related to the orientation of the eye coils in the magnefieginning of quick phases), adl postsaccadic eye positions
frame were digitized with a 12-bit A/D converter at 500 Hz an@interval of 5-55 ms after the end of the quick phases).
written to a hard disk. The data were analyzed off-line in MATLAB Figure 1 demonstrates examp|es of Sing|e experimenta| tri-

version 5.1. als. Eye positions are plotted as rotation vectors in the front
(top row, yz plane), side rhiddle row, xz plane), and top
Paradigms (bottom row, xy plane) views of the coordinate system. Trials

consisted of 2-3 cycles. For this figure and for the entire

stimulus were arranged on a square around the straight-ahead posi ?/glySIS fpre.sﬁmed n thIIS Sut()jsegtlbﬁllng’s la.W’.onIy ?Inhgle .
Four positions were situateti20° from the center on the horizontal . es of trials were selected. Such a restrlcthn ort e time
and vertical meridians, and four other positions were situat28.3° interval was chosen becaus_e_ !0”9't.erm t_ors,,,lonal .dT'ftS: of
from the center on the two oblique meridians. Eccentric positioséleral annuli can lead to artificial “thickening” of Listing’s
were consecutively lit in the counterclockwise direction. Before thelane (seaetHops).

appearance of each eccentric stimulus, the center position was lit sérigure 1, A and B, shows ocular rotation vectors of a
that subjects always made centrifugal and centripetal shifts of egerebellar patient (P8, right eye) in different views. Whereas
position. Each fixation period lasted 2.5 s. In one paradigm, the LERe Cartesian coordinate system in Fi4.i4 determined by the
was on during the entire fixation period; in another paradigm, the LERagnetic coil frame, the data in FigBZare rotated such that
was switched off after 0.5 s and switched on again for the last 0.5 sigk "hest-fit plane through the data cloud aligns with yre

the fixation period. Switching off the LED for some time during th%lane of the coordinate system (seeHops). For comparison,

fixation period did not have any effect on eye drift except that it wds. . : .
more difficult for the patients keep their eyes near the desired po: 19- 1C depicts rotated ocular rotation vectors (right eye) of a

tions because of persistent centripetal and upward drift. In the angprmal subject (N7). . L
ysis, we therefore used the data from the paradigms in which theClearly, the cerebellar patient was not able to maintain
LEDs were not intermittently switched off. Paradigms were repeatéation (Fig. 1, A and B). During attempted fixation along
for binocular viewing and monocular viewing of either eye. In thigositions with no horizontal eccentricity, trajectories were ori-

study, only monocular data of the viewing eye are reported. ented parallel to thg axis, which corresponded to the observed

The eight eccentric positions of the light dot used as the fixati
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FIG. 1. Examples of three single trials. At-
-20 0 20 tempted fixations of a central and eight eccentric
yI[l targets on a tangent screeq torsional;y, ver-
20 left 20 20 tical; z, horizontal components of rotation vec-
tors in °. Signs of base vector directions accord-
10 10 10 ing to the right-hand ruleTop front view (y-z
_ _ _ plane). Middle: side view &-z plane). Bottom
i 0 = 0 . 0 top view (x-y plane).A: patient P8, right eye,
N N N . .
unrotated data (zero vector is straight ahe&d).
-10 -10 -10 b )
rotated data ofA (zero vector is primary posi-
.20 clockwise -20 -20 tion). SD of first-order linear fit: 1.09°; SD of
second-order linear fit: 0.55°; twist score: 0.454.
20 O 20 -20 0 20 -20 0 20 C: rotated data of normal subject N7, right eye.
x[] x[1 x[] SD of first-order linear fit: 0.53°; SD of second-
0 down 20 20 order linear fit: 0.45°; twist score: 0.154.
10 10 10
= 0 =0 20
> > >
-10 -10 -10
-20 clockwise -20 -20
-20 0 20 20 0 20 -20 0 20

x[1] x[] x[]

downbeat nystagmus. If the eyes were moved to positions wihdata points from the plane was almost the same for pre- and
a horizontal eccentricity, there was an additional horizontpbstsaccadic eye positions in patients and normal subjects.
gaze-evoked nystagmus and, therefore, drift trajectories wéfete that the slopesy(and z) of the planar fits, which are
oblique (Fig. 1,A and B, top). After rotation of the patient’s related to the primary direction, were not significantly different
data from the coordinate system defined by the coil frame (Figetween the two groups, e.g., for planes fitted to presaccadic
1A) to the Listing’s coordinate system (FigB)L it became fixations, the averagg slope of pooled eyes (left eyes mir-
evident (niddleandbotton) that the width of Listing’s plane in rored) was 0.0t 0.09 SD 6 = 35) in the cerebellar patients
the patient was larger than that in the normal subject (). 1 and 0.01= 0.07 SD 0 = 30) in the normal subjects. Corre-
This can be seen in both tixez (middle row andx-y (bottom sponding average slopes were—0.09 = 0.09 SD and
row) projections. —0.08 £ 0.07 SD, respectively.

The standard deviations of eye positions from the best-fitData clouds of ocular rotation vectors were also fitted with
plane are summarized in Table 1 (pooled data from both eyd&)ear second-order regressions of the form
This so-called thickness of Listing’s plane (as reflected in the
mean values of the standard deviations) was significantly
higher in the group of 18 patients than in the group of 2&@herea; andag are measures for the curvature alongytand
control subjects. (Throughout the entire paper, “significant” z axes andy, indicates how much the surface is twisted (Hore
P < 0.05). This was the case for all four data subsets. Tleal. 1992). Again, in all four subsets of data, patients differed
differences between the patients and the control group, hosignificantly from normal subjects (Table 2). This means that
ever, were small (0.17-0.20°). The average standard deviatthe larger thickness of Listing’s plane=(standard deviation

o=+ &ly + af, + Al + ar,r, + asr?

TABLE 1. Standard deviations (in degrees) from first-order linear TABLE 2. Standard deviations (in degrees) from second-order
fits through eye rotation vectors during attempted fixation trials in linear fits through eye rotation vectors during fixation trials in

patients and normal subjects patients and normal subjects
18 Patients 25 Controls P 18 Patients 25 Controls P
(35 eyes) (30 eyes) (t-test) (35 eyes) (30 eyes) (t-test)
All eye positions 0.95- 0.37(0.82) 0.75= 0.22(0.77) 0.004 All eye positions 0.83- 0.35(0.69) 0.63- 0.18 (0.64) 0.003

Slow phases and fixations 0.890.35(0.82) 0.72-0.22 (0.74) 0.010 Slow phases and fixations 0.770.32 (0.68) 0.6% 0.19 (0.61) 0.008
Presaccadic eye positions 0.840.36 (0.83) 0.75: 0.22 (0.73) 0.004 Presaccadic eye positions 0.810.33 (0.73) 0.64- 0.19 (0.61) 0.005
Postsaccadic eye Postsaccadic eye

positions 0.94+ 0.37 (0.83) 0.75- 0.22(0.73) 0.005  positions 0.82+ 0.34 (0.71) 0.65+ 0.18 (0.65) 0.007

Values are means SD with the median in parentheses. Values are means SD with the median in parentheses.
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from the planar fit) in the cerebellar patients was not caused Wwgre constantly moving and it was therefore impossible to
curving or twisting of the surface, on which three-dimensionadletermine the “true” Listing’s plane. As a result, we also could
eye positions lie, because otherwise the standard deviationsiof determine in which period(s) of nystagmus the deviations
eye positions from the second-order fit would not be differefiom Listing’s plane occurred or at which moment of the

in patients and normal subjects. nystagmus cycle they were corrected.

To confirm further that the increased thickness of Listing’s To decide whether or not the drift movements complied with
plane in the patients was not caused by an increased twistind ting’s law, trajectories had to be analyzed at the angular
Listing’s surface, we computed the so-called twist factor  velocity level. It follows from the definition of an angular

velocity vector (seaqetHops) that Listing’s law specifies the
s=rndnyr, value of the torsional vector componemi ) by an equation

at includes the values of the two other componeatsapnd

In none of the four data subsets were twist factors significantlyy . +'the vertical () and horizontal () components of the
different in patients and normal subjects, e.g., the average t : )
factor for presaccadic fixations was 0.33 0.33 SD in the “lfistantaneous rotation vector (Van den Berg 1995):

patients and 0.42t 0.34 SD in the normal subject® (= Wy =Ty @, — Ty
0.137).

In summary, analysis of three-dimensional eye movemerst8lving this equation for a particular angular velocity vector
based on the positions of the eye revealed that Listing's I4fiat moves orthogonal to a radial line passing through the
was less valid in the cerebellar patients than in the contd@ference position, the angular velocity axis tilts out of List-
group. Yet the differences in plane or surface thickness (stdhd's plane by half the gaze angle in the direction of gaze.
dard deviations from best-fit first- or second-order linear fité)ccordingly, the equation is also know as the “half-angle rule.”
were small between the two groups. One explanation for thisIn Three-dimensional angular driftve present each of the
relatively small increase may be that quick phases effectivéljree angular velocity components (vertical, horizontal, and
compensate for drift movements that do not comply witfPrsional) of ocular drift separately. Then we correlate the drift
Listing’s (and Donders’) law (Lee et al. 1998; Van Opstal et afomponents to see if they are independent from each other.
1996). This hypothesis is supported by the fact that the corfdhally we attempt to determine if the ocular drift in the
lation between the thickness of Listing’s plane and the drif@tients follows the half-angle rule, i.e., complies with List-
velocity at 20° horizontal eccentricities (combined mean v#g’s law.
locity in abduction and adduction) was wedk € 0.36;P =
0.029;n = 18 right eyest 17 left eyes) and that there was norpree-dimensional angular drift
significant correlation between the thickness of Listing’s plane
and the time constants of horizont& £ 0.01,P = 0.857) or Figure 2 depicts an example of how the data were further
vertical R = 0.32,P = 0.057) ocular drift (scatter plots notprocessed. The vertical rotation vector compongnof the
shown). At this point of analysis, however, we could naame data shown in FigBlis plotted as a function of time
conclude that the drift movements in cerebellar patients viftop). Recall that the set of rotation vectors was rotated such
lated Listing’s law because, in the cerebellar patients, the eyhat the best-fit plane through the data cloud aligned with the

T T T T T down

10

y [l

10+ i

20k _
1 1 1 1 1 up

FIG. 2. Same data as in FigBl(rotated
d°W“ data, patient P8, right eye), but only the

vertical eye movement component is plotted
as a function of timeTop vertical rotation
vector component. Letters indicate directions
of attempted eccentric fixations after central
fixation. R, right; RU, right-up; U, up; LU,
left-up; L, left; LD, left-down; D, down; RD,

up right-down.Middle: vertical angular velocity
vector componentBottom median vertical
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y-z plane of the coordinate system. The letters above the eye
position trace indicate which of the eight eccentric target lights
was switched on to be fixed by the subject (R, right; RUhe following procedure was used: first-order linear regres-
right-up; L, left; etc.). As described ifParadigms,subjects Sions were iteratec=20 times. After each regression, the data
always had to look at the central target between eccentfigbset of points that were farthest away from the best-fit line
fixations. In this example, there was a persistent drift of the ey@s discarded. If the initial number of data points wak00,
in the upward (negative vertical) direction with compensatodf0 of data points was discarded after each regression; if the
downbeating quick phases. initial number of data points was:100, only one data point

Fig. 2, middle,contains the vertical component of the anguwas discarded after each regression. The procedure was re-
lar Ve|0city vectors. Note that we a|Way5 Computed the anguﬁ@ated until 20% of the data were excluded from the fit. The
velocity vectors from those rotation vectors that were rotatédfset @), slope ), and significanceR) of the last regression
into the y-z plane, as described i€alibration procedure, were further analyzed. P < 0.05 and the slope “eye position
because a tilt of Listing’s plane with respect to heplane of divided by velocity” was negative, Alexander’s law was said to
the coordinate system would introduce a “false referencee valid. If the slope was positive b&twas still significant,
position—dependent torsion” (Suzuki et al. 1994). this relation was named “inverse Alexander’s law."Rfwas

For each slow phase of nystagmus, the median values of fif significant, Alexander’s law and inverse Alexander’s law
horizontal, vertical, and torsional angular velocity componentéere rejected.
were computed. The corresponding vertical medians in theFigure 3A shows traces from the same experimental trial as
example are plotted in Fig. Zottom. The medians of the in Figs. 1 and 2 (patient P8, right eye), but now the data is
corresponding eye rotation vectors during each slow pha#gfived from the entire length of the trial, i.e., the sequence of
were also determined (not shown) so that each data po#i@ht targets appeared three times. The data points are widely
representing one slow phase consisted of three rotation &t@tered along the ordinate, but the negative correlation be-
three angular velocity vector components. The data points wéf¢e€n Vertical angular velocity and vertical eye position is still
then assigned to one of the eight targets of attempted eccen‘?‘?f“ﬁcam P < 0.05). Alexander's law is therefore valid in
fixation. After selecting subsets of data according to the hof[l'S €xample (values given in the legend of Fig. 3). In Fig, 3

zontal and vertical eye positions, components of rotation aﬁg';;ir:) r?li\;eesvgrqtz)tgtetzé &fg%gl()p?rtrinéf?;t r(;gf]rt]r:ee?/eeé,réggigr?r-
angular velocity vectors were plotted against each other. line in Fig. 3A is more neéativé than in Fig.B The offset

Ea.c.h component of three-(_jlmensmnal eye rr'10vements WAues represent an additional drift velocity that is unexplained
specifically t.ested_ for the validity of Alexander's law (AIex-B Alexander’s law and that could be, for example, of vestib-
ander 1912; Robinson et al. 1984). This law describes tjgy origin. The presence of this additional drift velocity leads
relation between the slow-phase eye velocity and the changgdn, shift of the intercept of the regression line through the eye
eye position along the velocity vector: as the eye moves in tB@sition axis (abscissa).
direction of the slow phase, slow-phase velocity decreases. Iin the subsequent analysis, we name the slopes and offsets of
the relation between eye position (independent variable) ag first-order regression between eye position and eye velocity
eye velocity (dependent variable) forms a line, the negatiggcording to the directions of the two variables, e.g.,dhe,
slope is reciprocal to the time constant of the “velocity-toslope is the slope of the regression between torsional angular
position integrator” (Hess et al. 1984; Robinson et al. 1984)elocity (w,, ordinate) and vertical eye position,(abscissa).

Figure 3 depicts two examples of the relation between vévertical drift, Horizontal drift,and Torsional drift summarize
tical eye position componenmt, and vertical angular velocity vertical, horizontal, and torsional angular eye drifts as a func-
componentw,. Only data with the eye in center-up and centetion of horizontal-vertical gaze directions, thus describi
down positions are plotted. The regression line was computedw,r,, .-y, andw,-, slopes and offsets of the eyes of the
by fitting the data to the equation cerebellar patients. As already statedvierHops, the figures

A B

down

oy=a-+rb

down

®
Fic. 3. Vertical angular velocity components
of nystagmus slow phases as a function of gaze
elevation during attempted fixations along the ver-
-4 tical meridian. First-order linear fits were com-
puted by the fitting procedure describedTihree-
dimensional angular drift. Apatient P8, right eye
-6 (same trial as in Figs. 1 and 2); slope —0.041,
offset= —4.0,P = 0.017.B: patient P6, right eye;

O
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slope= —0.072, offset= —2.2, P < 0.001.
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depict data from right eyes only, but in the text we present tletween the two eccentric positions was not significetegt:
data from both eyes. P (right-left) = 0.086].
Thus Fig. 4 demonstrates that the increase of downbeat
nystagmus with horizontal gaze eccentricity is not caused by a
further decrease of the time constant of the integrator, but is
-1, slopes that were significant in theinstead a result of an increased velocity bias and therefore

Figure 4 shows all, g?dependent of velocity-to-position integration. Note that in
group of cerebellar patients (right eyes only). The first-ord e of the patients was there a significant correlation between

linear regressions were computed with gaze directed at th & w1, offset (i.e., the vertical velocity bias) and tag-r,

different horizontal target positions (center, 20° right, and 2 lope (L., the reciprocal of the vertical integrator time con-
left). Dashed lines connect the data points of individual cerdoPe U-€., P 9

bellar patients. With gaze at zero horizontal eccentricity, ﬂant) for any of the three horizontal gaze directions.
patients showed Alexander’'s law and six patients showed
inverse Alexander’'s law (Fig. A, center data points). To Horizontal drift
visualize the differences in the,-r, slope caused by changing
horizontal gaze direction, we subtracted ther, slope values ~ The same steps of analysis used for vertical drift were also
for each subject obtained during fixations along the verticapplied to horizontal drift. Figure 5\ andB, shows thew,-r,
meridian (Fig. 48). No systematic change was observed asstopes of the patients at three different vertical gaze eccentric-
function of horizontal eye position. For the pooled data=(18 ities (20° up, center, and 20° down). Most data points were
right + 17 mirrored left eyes), the differences @§-r, slopes negative, consistent with Alexander’s law (Figh)5 No dif-
between the three horizontal gaze directions were not signiérences were found between theg-r, slopes at different
cant f-tests:P (right-center)= 0.119;P (right-left) = 0.445;P  vertical eccentricities (Fig. B). This was confirmed for the
(center-left)= 0.710]. pooled datatftests:P (up-center)= 0.076;P (up-down) =

For thew,-r, offsets, the same two types of plots are show@d.575;P (center-down)= 0.129].
in Fig. 4,CandD. Of the 18 patients, 15 showed negativgr,, Velocity biases, i.e.w,-r, offsets, were scattered around
offsets at zero horizontal gaze eccentricity, i.e., they had aero (Fig. &) with no tendency to shift in the positive or
upward drift when they attempted to look at the center targe¢gative direction with changing vertical eccentricity (Fig.
(Fig. 4C). There was a significant increase @f-r,, offsets as 5D). Indeed, for the pooled data, the differences between the
patients moved their line of sight left or right (FigDt On three data sets were statistically not differetets:P (up-
average, this increase was similar both in adduction and aenter)= 0.269; P (up-down)= 0.380; P (center-down)=
duction. For the pooled data, the differencesugir, offsets 0.970].
between the two eccentric horizontal gaze directions and theThus Fig. 5 demonstrates that the time constant of the
central gaze direction were highly significatté¢sts:P (right- horizontal velocity-to-position integrator did not change when
center)<< 0.001; P (left-center)< 0.001], but the difference patients were looking up or down and that there was no

Vertical drift
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Fic. 5. Cerebellar patients, right eyes. At-
-0.3 L h A .
o2 tempted fixations along horizontal lines. Abscissa:
up center down : up center down 20 O —20° v_ertlcal eccentricities. Data pomts_ of
individual patients are connected by dashed lines.
A: w,, slopes of significant fitsB: differences of
C D w,T, slopes from the values at 0° eccentriciy.
6 4 w,T, offsets.D: differences ofw,r, offsets from
left left the values at 0° eccentricity.
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consistent velocity bias in the horizontal direction. In othdrorizontal and vertical eye position components. This was not

words, there was no spontaneous horizontal nystagmus. a test for Alexander’s law in the torsional direction, but a test
to determine if the tendency of the eye to drift out of Listing’s

Torsional drift plane is a function of horizontal and vertical eye position.

In theory, it should be possible to determine if Alexander’s Using the.same d?ta on Wh'Ch. Figh & based (_patlent PS’
law is valid in the torsional direction if torsional nystagmus igght ey_e), Fig. 6 depm;sl the torsional angglar drift velolcny as
present. Because the range of torsional eye positions in whitfunction of eye position along the vertical and horizontal
this nystagmus takes place is very limited, we were not able gridians. While the negative,-r, slope was very small (Fig.
fit significant first-order regressions between the torsional e§@); there was a clear relation betwegpandr, (w,-r, slope):
position and the torsional component of angular velocity. W8 abduction (negative horizontal position), there was an intor-
also tried to determine if torsional drift velocity decreasesional drift and in adduction (positive horizontal position), an
exponentially with time during slow phases, which would bextorsional drift (Fig. 8). The offsets in Fig. 6A andB, are
expected if the drift is caused by a leaky torsional velocity-t¢mall, meaning that, in this patient, there was almost no tor-
position integrator. The limited torsional range, however, madg@nal spontaneous nystagmus.

such an analysis impossible. Figure 7,A andB, shows thav,-r, slopes in the usual format
Next we tried to determine if torsional drift depends on th#or all patients. There was a considerable overlap between the
A B
10 10
clockwise clockwise
—_ — Fic. 6. Example of the relation between
w 5 o 5 o) . -
o o torsional components of angular velocity
> > vectors (ordinate) and gaze eccentricity
© © along the meridians (abscissa) (patient P8,
% 0 % 0 right eye, same data as in FigAB A:
= > torsional velocity vs. vertical eye position;
o g slope= —0.015, offset= 0.1, P < 0.001.
o ks B: torsional velocity versus horizontal eye
g -5 g 5 o position; slope= 0.060, offset= 0.1,P <
= [ 0.001.
-10 -10
30 20 -10 0 10 20 30 30 -20 -10 0 10 20 30

Vertical Position [] down Horizontal Position [] left
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data points at the three horizontal directions (Fi§). 7This is offsets as a function of vertical gaze eccentricity (Fi@).8
better visualized by subtracting the values obtained durigatistically, this was confirmed in that there were no signifi-
fixations along the vertical meridian (FigBY. For the pooled cant differences between the three data setesfs:P (up-
data, thew,-r, slopes at the two horizontal gaze eccentricitiesenter)= 0.388; P (up-down) = 0.591;P (center-down)=
were not significantly different from the slope at @t¢sts:P  0.921].
(right-center)= 0.552; P (left-center)= 0.075], but the dif- In summary, we found a significant gradient of torsional
ferences betweem,-r, slopes at the two eccentric positiongrift velocity in the horizontal direction: as the eyes adducted,
were significantttest: P (right-left) = 0.001], with the slopes extorsional drift increased. In many patients, a small extor-
being more positive in adduction. sional drift was already present when the eyes looked straight
Figure 7,C andD, shows thew,-r, offsets at the different ahead. There were no torsional drift gradients as a function of
horizontal gaze eccentricities. There was a clear gradient\artical position.
increasing extorsional velocity as the eyes moved left, i.e.,
toward adduction; on average, there was already an extorsioRadorsjonal drift independent from vertical drift?
velocity bias at zero horizontal eccentricity, which corresponds
to an extorsional spontaneous nystagmus (Fg). The gra- In theory, torsional angular drift may simply be a result of
dient of w,-r, offsets becomes even clearer when plotting theross-coupling from vertical angular drift. For instance, if the
differences to the offsets at central fixation (Fi@R)7For the ocular rotation axis of a vertical drift changes with eye posi-
pooled data, the differences between the three data sets vime, we expect an increasing torsional component of drift as a
highly significant f-tests:P (right-center)< 0.001; P (left- function of horizontal gaze eccentricity. Therefore, in each
center)<< 0.001;P (right-left) < 0.001]. patient, we looked for correlations between torsional and ver-
In Fig. 8, A andB, w,-, slopes are plotted with the line oftical angular drift velocities. Note again that rotation and
sight pointing up, straight ahead, and down. As expected frangular velocity vectors are, by definition, given in a head-
Fig. 7, C and D, which shows a gradient of the,-r, offsets fixed coordinate system (seetHops), i.e., if a vector has a
toward a drift in the extorsional direction when the eyes movéddrsional component, the vector tilts out of the frontal head-
to the left (adduction), almost all eyes had positiyer, slopes fixed plane spanned by the vertical and horizontal axes.
(Fig. 8A). There was no gradient @f,-r, slopes as a function We investigated possible cross-coupling effects between
of vertical eccentricity (Fig. B). Accordingly, the differences vertical and torsional drifts. Because the torsional drift in the
between the three data sets were not significant for the poosthight-ahead gaze position is low, but increases as a function
data [-tests:P (up-center)= 0.106;P (up-down)= 0.597;P of horizontal gaze eccentricity, we studied the correlation
(center-down)= 0.858]. between torsional and vertical drifts in 20° abduction and 20°
The w,-r, offsets at different elevations are shown in Fig. &dduction during attempted fixations along a vertical line.
C andD. Data points were scattered around zero with averadeigure A shows data from the same example given in Figs. 1,
slightly above zero for all three different vertical directions o2, and & (patient P8, right eye): torsional drift velocity is
the line of sight (Fig. ). There was no gradient ab,-r, plotted against vertical drift velocity during 20° abduction and
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FIG. 8. Cerebellar patients, right eyes. At-
-0.1 tempted fixations along horizontal lines. Ab-
0.2 . scissa: 20, 0,—20° vertical eccentricities.
up center down up center down Data points of individual patients are con-
nected by dashed line#\: w,r, slopes of
C D significant fits.B: differences ofw,-r, slopes
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] clockwise offsets. D: differences ofw,-1, offsets from
clockwise the values at 0° eccentricity.
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attempted vertical fixations (20° up, 20° down). There wassponds to a purely vertical drift whereas thé0° vertical-
good correlation between torsional and vertical velocity in thédrsional drift is purely extorsional. In the following analyses,
the intorsional velocity decreased as upward velocity deswe call the slope of the linear regression between horizontal
creased. In this patient, however, the correlation between t@frection of gaze and vertical-torsional drift direction tile
sional and vertical velocity in adduction was not significanfingle coefficienbecause it describes by how much the ocular
but there was a tendency of extorsional velocity to decreasergation axis tilts in the horizontal plane as a function of the
upward velocity decreased (FigC} In the whole study pop- norizontal direction of the line of sight. If the tilt angle coef-
ulation, 26 of 35 eyes showed a significant positiyew, slope  ficient is zero, the ocular rotation axis stays head-fixed inde-
during abd_t;ct;?n, and |21.°f 35 during adduction. ._pendent of the horizontal direction of gaze. A coefficient of 1
angﬁlatllrasvtelloéit;/s dﬁ?irr:e ?&220?1?";%%” '\[loerrstgggl"":inaensdw\i’gtgc_orresponds to an eye-fixed axis and a coefficient of 0.5 is
. . 9 . 9 : .~ “necessary to follow Listing’s law and, therefore, the half-angle
centric horizontal gaze (abduction or adduction) was mdet;%e Clearlv. in ard gaze. the tilt | fficient
caused by a cross-coupling of the two velocity components, orc: wearly, in upward gaze, It angie coetticient was
if it was only a result of individually different slopes betweer{nUCh higher, and therefore close to eye-ﬂxe(_j (0.89), than n
vertical eye position and torsional or vertical drift velocity, W(gownward gaze, where It was close to head—ﬁxed (0.19). T.h's
plotted thew,-r, and w,-r, slopes of all patients against eacneans that the torsional drift component relative to thg vertical
other (Fig. 9,B and D). Both in abduction (Fig. B) and drift component was stronger in upward gaze than in down—
adduction (Fig. B), the slopes did not correlate significantly?ard gaze. Because for this patient Alexander’s law was valid
.1, slopes were scattered around zero whetegs, slopes along the vertical direction, vertical velocity changed as a
were negative (Alexander's law) or positive (inverse Alexfunction of vertical eye position. On average, torsional drift
ander’s law). Therefore, torsional drift is not simply caused b¥elocity also changed somewhat, but less. Therefore the drift
a fixed cross-coupling of vertical drift, and the correlatiodirection tilted toward more torsion as the eye was elevated.
betweenw, andw, in individual patients only reflects the fact Figure 10,C andD, summarizes the tilt angle coefficients of
that torsional velocity is modulated slightly by vertical eyd0 of the 18 right eyes in which the slopes between horizontal
position. If the velocity of torsional drift would mathematicallyeye position and vertical-torsional drift direction were signifi-
depend on the velocity of vertical drift, e.g., via the half-angleant in both upward and downward gaze. Five right eyes
rule, we would expect a similar correlation betwegrandw, demonstrated Alexander’s law (Fig. @f) the remaining five
at a specific horizontal gaze eccentricity in all patients. demonstrated inverse Alexander’s law (FigD}Qn the verti-
Another argument against torsional drift velocity being aal direction. Clearly, the ocular rotation axis became more
result of a fixed cross-coupling with vertical drift velocity ishead-fixed as vertical gaze was moved in the direction in which
shown in Fig. 10. Here we plotted the vertical-torsional driftertical velocity increased. Some patients did not show this
direction of a patient’s right eye (patient P8) as a function gfattern, but in these cases the regressions were not significant,
horizontal eye position in upward (Fig. Apand in downward mainly because drift velocities were low and, therefore, verti-
(Fig. 1) gaze. The 0° vertical-torsional drift direction corre<cal-torsional drift directions were noisy.
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A B position dependence of both drifts. Therefore, the torsional
10 drift is not caused by a fixed cross-coupling from the horizontal
clackwise 0.2 drift, and the correlation between, and w, in individual
2 . G patients only reflects the fact that both torsional and horizontal
2 = 01 o velocity were modulated by horizontal eye position.
é o o & ol 0 @20 @ © We also investigated whether or not there were consistent
> o 9 @00% B0 gradients between the horizontal-torsional drift direction and
g © o g0t o the gaze elevation in abduction and adduction. Significant
2 N o gradients could be seen in most eyes (33 of 35 eyes in abduc-
= -02 tion, 34 of 35 in adduction), but the magnitudes and signs of
Mo s o0 5 1 oz 01 0 o1 oz these gradients showed no pattern. In only a minority of eyes
Vertical Velocity [/s] 4own oy-ry-slope [1/s] (12 of 35), the gradients between horizontal-torsional drift
direction and vertical gaze direction had the same sign in
C D abduction and adduction.
10
clockwise . . ..
- 02 Does vertical drift obey Listing’s law?
.5 ) . . I
> 9@ =01 4 o0 To interpret further the patterns of vertical drift in our
8 ol o d®9Y o “%’ of o @ B o 00O patients, we developed a theoretical scheme of the predicted
2 LoD P P © effects of different types of abnormalities on the directions and
g o o "8;.0_1 eye-position dependence of vertical-torsional drift. Figure 12
2 N depicts four possible relations between torsional and vertical
-0 rift angular velocities. Figure 124, C, E, and G, shows
= 0.2 drift I locit F 12A, C, E,and G, sh
e s 0 5 10 02 01 o o1 o2 Vertical angular drift velocity as a function of torsional angular
Vertical Velocity [/s] o%" oy-ry-slope [1/s] drift velocity; Fig. 12,B, D, F,andH, shows vertical-torsional
FIG. 9. Vertical and torsional components of nystagmus slow phases.
patient P8, right eye (same trial as in Figs. 1, 2, aAjl 3orsional vs. vertical A B
angular velocity components of nystagmus slow phases during 20° abduction g 40
and attempted vertical fixations (20° upward, 20° downward); stef246, __ _ o
offset = 0.7861,P < 0.001.B: w,-r, slopes vs.w, slopes in all patients * 30 ? 30 o
(right eyes) during 20° abduction and attempted vertical fixations; regressi_@ ke ©
not significant P = 0.532).C: patient P8, right eye (same trial as in Figs. 1!“@’: 20 ‘g 20 0
2, and ). Torsional vs. vertical angular velocity components of nystagmus 5
slow phases during 20° adduction and attempted vertical fixations; regresspgn1¢ = 10
not significant P = 0.094).D: w,-1, slopes vsw,t, slopes in all patients (right 5 S 0 %)
eyes) during 20° adduction and attempted vertical fixations; regression not 5
significant P = 0.890). l? 10 K10
. . . . o < @ @ o
Is torsional drift independent from horizontal drift? = 20 = 2
. . . . . -20 0 20 left -20 0 20 left
_ This subsection foII(_)WS th_e same logic lastorsional d_r|ft _ Horizontal Position ['] Horizontal Position [°]
independent from vertical drift®e attempted to determine if
torsional angular drift is a result of a fixed cross-coupling with G D
horizontal angular drift. Because both torsional and horizontal 5 3

angular drift increased with horizontal gaze eccentricity, the
correlation between the two velocity components was, as eg->°
pected, typically significant in 15 of the 18 right eyes and 14 g¢ ,
the 17 left eyes. Figure Bldepicts the correlation between &
these two parameters for patient P8 (right eye). 3 15
To investigate whether or not these significant individuaP 4
correlations between torsional and horizontal angular velocify
during fixations along the horizontal meridian are caused byra®?®
fixed cross-coupling of the two velocity components, or are | 0
only a result of individually different slopes between horizontal Up Down Up Down
eye position and torsional or horizontal drift velocity, we rc.10. Vertical-torsional drift directions and tilt angle coefficiens.
plotted thew,-r, andw,-r, slopes of all right eyes against eaclpatient P8, right eye (same trial as in Figs. 1; Z; &nd 9,A and C).

other (Fig. 1B). Because the adducting horizontal drift (pos\_/ertlcal-torsmnal drift dlreptlor} as a functlon of hor!zontal position in 20°
ard gaze. The regression line (solid) was determined by an iterative linear

o ) . . . u

itive Slgn) _'ncreas_ed _as the eye abngted_ (negatlve Slgn), %ﬁahereby the most distant point from the line was discarded each time; the
the extorsional drift increased (positive sign) as the eye agration was stopped after 20% of the data points were rejected. Slope (tilt
ducted (positive sign), data points are scattered in the upper kegle coefficient’y= 0.89, offset= 9.2.B: same as i but in 20° downward
quadrant. However, there was no significant correlation b&2E: 20 (% RER TAClEREl Foby OLlC s exandors aw of verical
,tween the slopes, which _mdlcates_that the torsional drift W% ft. Solid lines connect data points of individuals in upward (Up) and
independent from the horizontal drift, even though they corrgswnward (Down) gazed: same as irC but with data from 5 other patients
lated in individual patients, because of the horizontal-eygight eyes) with inverse Alexander’s law of vertical drift.

Tilt Angle Coefficient
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A B torsional drift direction during abduction and adduction in both
10 upward and downward gaze.
clockwise 0.2 This theoretical example demonstrates that we cannot sim-
o ply examine the vertical-torsional drift directions to decide
o1r o 3 whether or not leaky velocity-to-position integration in the
0 © 0 &0 vertical direction leads to drift movements following Listing’s
© law. To test this question correctly, tpesbetween vertical
0.4 position and torsional or vertical angular driéb,(r, slope and
wy-T, slope) must be analyzed, both of which reflect the drift
-0:2 induced by leaky integration when the eye is moved in a
Yo s 0 5 10 02 01 o0 o1 os \Vertical direction. Assuming that Listing’s law is adhered to by
Horizontal Velocity [*/s] left w,-t,-slope [1/s] the drift caused by leaky vertical velocity-to-position integra-
FIG. 11. Horizontal and torsional components of nystagmus slow phasgé).n alone (i.e., there is no vertical _VQIOCIty bias), the quﬁl—
A: patient P8, right eye (same trial as in Figs. 1; &; 9, A andC; and 10A  CIENtC,, = (w,- 1, slopel,r, slope) will increase as a function
and B). Torsional vs. horizontal angular velocity components of nystagm@f horizontal eccentricity (abduction and adduction). It can
slovov phases during attempted eccentric fixations along the horizontal merid@asny be shown tha&y coincides with the horizontal compo
(20° rightward, 20° leftward). Slope —0.385, offset= ~0.111,P <0.001.  hantr of the current ocular rotation vector, provided Listing’s
B: w,-r, slopes vsw,r, slopes in all patients (right eyes) during attempte: . Z .
eccentric fixations along the horizontal meridian; regression not signific /W 1S valid:
(P = 0.214).

Torsional Velocity [°/s]
@,-T,-slope [1/s]

Coy =T,

drift direction (in polar coordinates) as a function of horizontal g at 20° horizontal gaze eccentricity, = 0.175. This value
eye position. In each panel, four data points are depicted: whatresponds to a tilt of the angular rotation axis in the direction
the patient is looking 20° right and 20° up), when the of gaze by 10°, according to the half-angle rule.

patient is looking 20° right and 20° dowiv ), when the patient  Figure 13 shows, for all right eyesy T, slopes compared
is looking 20° left and 20° up ), and when the patient is

looking 20° left and 20° down¥(). In some instances (Fig. 12, A Sown B =
B-D), data points during upward and downward viewing over- @ =20
lap (producing hexagrams). In theft panels, we connected the o x 2% /
points with the same horizontal eccentricity; in thght pan- 3 ]
els, the points with the same vertical eccentricity. 1o clockwise ’g, 20 ot
Figure 1A shows vertical drift caused by a leaky vertical 2 0 2 20 0 20
velocity-to-position integration; this drift, we assume, obeys C _ 1o D —
Listing's law, i.e., the half-angle rule. Consequently, there is a 2 = 20
torsional drift component that depends on the vertical drift >0 L O ——&
velocity (3°/s at 20° vertical gaze eccentricity) and the hori- 8 * "E-zo
zontal gaze eccentricity (20°). The lines connecting the drift d0 N
directions during rightward and leftward viewing superimpose 2 0 2 20 0 20
in upward and downward gaze; the slope of both lines is 0.5 E =10 F :20
according to the half-angle rule (Fig. BR = a
Figure 1Z depicts a situation with an upward vertical drift >0 5 0
(—5°/s) of purely vestibular origin that, we assume, shows no S i><7 20
eye position dependence (i.e., is head-fixed). Therefore, in no -10_2—0——2 = 20 o 20
direction of gaze is there a torsional drift component (Fig. _
12D). The slope between drift directions during rightward and G 10 H £
leftward viewing is 0 and the lines superimpose in upward and o a
downward gaze. 1 0 / 5 0
Figure 1ZE combines the situations from Fig. 1&,andC, £-20
i.e., we added together the vertical leaky integrator drift, which N > o 20
obeys Listing’s law, and the upward bias drift, which is inde- oy [/s] Hor Position []
pendent of vertical eye position and does not include a tor- X

sional component in any direction of gaze. As a consequenceyc. 12. Theoretical scheme of possible relations between torsional and
the slopes between the vertical-torsional drift directions durirygrtical drift angular velocities4, eye position 20° right/20° upv, eye
abduction and adduction are different between upward aPgeion 20° right/20° downe:, 20° eft/20° up.v, 20° [eft/20° down. Over-
. ying upward and downward data points produce hexagramsC, E, G

downward gaze (Flg. E . . vertical angular drift velocity as a function of torsional angular drift velocity.

In Fig. 12G we added the type of torsional drift that wepata points with the same horizontal eccentricity are conne@e®, F, H
found in the patients. This torsional drift depends on horizontadrtical-torsional drift direction in polar coordinates as a function of horizontal
eye position and is intorsional in abduction (in this examp|§ye po_sition._ D_ata_pqint§ with the same vertical ecce_ntricity are connem_tgd.
~1°/s during 20° abduction) and extorsional in adduction (iilﬁtvertlcal drift in Listing’s plane caused by leaky vertical velocity-to-position

: . . . egration. C, D: vertical drift with no eye position dependencg, F:
this example, 1°/s during 20° adduction). This leads t0 @)mmation of the vertical drifts inX( B) and C, D). G, H: summation of the

additional change of the slopes of the lines between verticaértical drift in €, F) and horizontal-eye-position—dependent torsional drift.
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A B
0.2 0.2
FiG. 13. Cerebellar patients, right eyes,r,
0.15 0.15

ox-ry-slope [1/s]

oy-r,-slope [1/s]

slopes vsw,T, slopes. Data points are plotted for
which the w1, slopes were significantP( <
0.05). The solid lines (slope= =0.15) indicate
where the data points must lie at a horizontal gaze
eccentricity of 17.3° to obey Listing’s law. The
dashed lines indicate a robust linear regression of
the data whereby 20% of the points were dis-
carded (same procedure as in Fig. 1A).data
points in abduction. Slope of solid ling, =

-0.1 -0.1 —0.15; confidence intervaP(< 0.05) of robust

linear fit= (—0.289, 0.049)R? = 0.378.B: data
0.15 -0.15 points in adduction. Slope of solid ling,, =
o 02 (_).15; c_onfidence intervalP( < 0.05) of robust
027 o1 o o1 0.0 023 o1 o 01 0o linear fit= (—0.059, 0.280)R = 0.327.

o1 -slope [1/s]

o,-r,-slope [1/s]

with w,-r, slopes in abduction’) and adductiong). Only data slopesbetween horizontal position and torsional or horizontal
points for which thew,-r, slopes were significant are plottedangular drift ¢,-r, slope and,-r, slope), both of which reflect
The solid lines ¢, = *=0.15) indicate where the data points ar¢he drift induced by leaky integration when the eye is moved in
expected to lie at a horizontal gaze eccentricity of 17.3°, whiehhorizontal direction. Assuming that Listing’s law is adhered
was the average eye position that patients achieved duriogoy the drift caused by leaky horizontal velocity-to-position
attempted horizontal fixation. (Note that in most patients theigtegration alone (i.e., there is no horizontal velocity bias), the
was an ongoing horizontal gaze-evoked nystagmus that ledctefficientc,, = (w,-r, slopebr, slope) will change as a
horizontal eye positions below the attempted 20°.) function of vertical eccentricity (upward gaze and downward
In abduction (Fig. 18), w,-r, slopes decrease with increasgaze). Coefficient,, coincides with the vertical compon
ing wy-ry slopes whereas in adduction (Fig.B)3w,-r, slopes of the current ocular rotation vector, provided Listing’s law is
increase with increasing,-r, slopes. The null hypothesis thatvalid:
the regressions through the data points were not different from
the expected regressions with slopes-@f.15 or 0.15, respec-
tively, could not be rejected’(> 0.05). The same was the cas
for the population of left eyes. Thus it can be inferred th
leaky vertical integration alone leads to drift movements thd
do not violate Listing’s law.

Cxz =Ty

igure 14 plots, for all right eyesy,-r, slopes againsi,-r,

pes in upward gazé\| and downward gazeBj. Only data
points for which thew,-r, slopes were S|gn|f|cant are plotted.
The solid lines (in upward gaze, = —0.19; in downward
gazec,, = 0.15) indicate where the data points are expected to
lie at an upward eccentricity of 21.2° and a downward eccen-

We have already demonstrated that for our cerebellar pdeity of 16.8°, respectively, which were the average eye
tients there was no consistent velocity bias component to thesitions that patients achieved during attempted vertical fix-
ocular drift in the horizontal direction (Fig. 5). Therefore it camtion. (Note that in most patients there was an ongoing upward
be inferred that horizontal drift in the cerebellar patients wakift that led to these average eye positions that differed from
mainly caused by leaky horizontal velocity-to-position integrahe attempted 20°.)

Does horizontal drift obey Listing’s law?

tion. To investigate whether or not these horizontal drift move- Clearly, in both upward gaze (Fig. Afand downward gaze
ments were in accordance with Listing’s law, we plotted th@ig. 14B), the relation between,-r, and w,-r, slopes did not

A B
0.2 0.2
0.15 0.15 o Fic. 14. Cerebellar patients, right eyes,
o1 8 o 01 ° w,T, slopes VST, slopes. Data points are
w o ) o) o p!o_tted for which thew,r, slppe_s were sig
= 0.05 o) = O'OSEO o % 4 nificant (P < 0.05). The solid lines indicate
2 I~ °© 0 o © 2 99 o where the data points must lie at an upward
e 0 SIIN % 0 /QM gaze eccentricity of 21.2#j and a downward
¢ ' o) gaze eccentricity of 16.8°Bj to obey List-
%, -0.05 . -0.05 : ing’s law. Regressions are not showr? (<
8 8 0.1). A: data points in upward gaze. Slope of
-0.1 -0.1 solid line c,, = —0.19. B: data points in
045 045} gf)lv;r?ward gaze. Slope of solid ling,
02 -0.2 -
-0.2 -0.1 0 . 041 0.2 -0.2 -0.1 (o} 0.1 0.2

o, r-slope [1/s]

o,r,-slope [1/s]
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fit the prediction. The same was the case for the populationtbft increases with vertical gaze eccentricity. The upward-
left eyes. This result could be expected because, as alredigcted velocity bias could be caused by central ocular motor
demonstrated in Fig. 8, both torsional and horizontal drifitathways that are asymmetrically implemented for the vertical
velocity increased with horizontal eye eccentricity. Howevemovement plane; the intact cerebellum would usually inhibit
this does not mean that a leaky horizontal velocity-to-positidghe dominating upward pathways but, in the case of cerebellar
integrator leads to drift movements that per se violate Listingfailure, this asymmetry would be unmasked (Ito et al. 1977).
law. Such a conclusion could only been drawn if, in thAlternatively, cerebellar atrophy could affect central ocular
majority of patients, there was a fixed mathematical relatiggathways for movements mainly in the downward direction but
between torsional angular drift and horizontal angular driftess in the upward direction (Baloh and Spooner 1981). In both
which was not the case (see Figs. 11 and 14). hypotheses, it remains unclear if the superimposed vertical
Finally, we investigated whether or not the kinematics of thgaze-dependent centripetal ocular drift is directly related to the
horizontal drift would produce an additional torsional comporertical velocity bias or is a result of a coexisting disorder of
nent when patients looked upward or downward. In this cagbe vertical velocity-to-position integrator, which is also af-
in accordance with the half-angle rule,-r, slopes in upward fected by cerebellar atrophy.
gaze should be smaller than in downward gaze. As alreadyA hypothesis concerning the mechanism of downbeat nys-
demonstrated in Fig. B no significant vertical gradient of tagmus that has been proposed byhBer and Straumann

w,-T, slopes could be found. (1998) is based on the fact that the semicircular canals are
asymmetric in the vertical direction: if the sensitivity vectors of
DISCUSSION all six semicircular canals, as anatomically measured by

Blanks et al. (1975), are arithmetically added, the resultant
vector could lead to upward-directed ocular drift. This vertical

In a population of 18 patients with horizontal gaze-evokedsymmetry is mainly caused by the fact that the anterior canals
and downbeat nystagmus caused by cerebellar atrophy, f@&m a smaller angle with the sagittal plane of the head than do
analyzed the three-dimensional kinematics of eye drift. THBe posterior canals. An intact cerebellum would, by way of the
overall ocular drift in these patients was composed of thré@cculus/paraflocculus, suppress this upward drift but, as cer-
independent components) an upward drift,2) a horizontal €bellar function fails, the upward eye-position-independent
centripetal drift, and3) a torsional drift that increased withocular drift would become manifest. If this vertical velocity
horizontal eye eccentricity. bias in the upward direction is added to the effect of the

The vertical drift itself could be divided into two subcom-reduced time constant of the velocity-to-position integrator,
ponents: a drift that increased with vertical eccentricity, a¥hich also might be caused by the floccular/parafloccular
cording to Alexander's law (Alexander 1912; Robinson et aimpairment, Alexander’s law is found to be valid in the vertical
1984), and a drift that was independent of vertical eye positigfirection. The fact that some patients show an inverse Alex-
Because of this upward-directed velocity bias, the vertical eg?ders’s law could simply be the result of an unstable rather
position at which there was no vertical drift (null position) waghan a leaky integrator (Zee et al. 1981). _
moved upward, in most cases even beyond the normal vertical e observation that in most patients the upward velocity
range of eye movements. The increase of upward drift velocias increased with lateral gaze is not explained by the hypoth-
with eccentric horizontal gaze, a prominent feature of dowgSis of Bdimer and Straumann (1998). This phenomenon
beat nystagmus, was caused by an increase of the velocity I§@4ld, for instance, be the result of an erroneous distance
and not an increased slope of the vertical eccentricity-depdifirection by the vestibular system such that, during eccentric
dent drift. gaze, the desired point of regard is perceived to be closer on

The horizontal driftincreased with horizontal gaze ecceneccentric than on straight-ahead gaze, leading to a spurious
tricity, according to Alexander’s law. There was no significarfiicrease in the gain of the vestibular signal responsible for the
velocity bias of horizontal drift, i.e., no consistent horizontatertical velocity bias.
spontaneous nystagmus was present.

The torsional drift also increased with horizontal gaze ecMechanism of horizontal drift
centricity and we therefore called litorizontaleye-positior ) ) o
dependent torsional driftin abduction, this drift was intor-  1he existence of horizontal gaze-evoked nystagmus is sim-
sional and in adduction, extorsional. There was a sm&ly a result of the decreased time constant of the velocity-to-
extorsional velocity bias, i.e., when patients looked straigRsition integrator in the horizontal direction. As a result,
ahead, both eyes drifted somewhat in the extorsional directiéiexander’s law is usually valid for this type of horizontal
(The analysis of disconjugate eye movements in cerebelfift. It is known from experimental and clinical studies that
patients is not the topic of this study.) Because of the smiprizontal gaze-evoked nystagmus in cerebel_lar disease is a
torsional range of eye movements during downbeat nystagmi%sun of reduced floccular/parafloccular function (Zee et al.
we were not able to decide whether or not the torsional drihggl)-
velocity depended on the torsional eye position.

Summary of experimental findings

Mechanism of torsional drift

Mechanism of vertical drift . . . .
Horizontal-eye-position—dependent torsional drift can be

Any plausible hypothesis of why there usually is downbeaiewed as the consequence of deficient mapping of a torsional
nystagmus in the presence of cerebellar atrophy must explaie position signal to the current direction of gaze. The mag-
both the upward-directed velocity biasd the vertical drift nitude of the torsional signal that would be needed to imple-
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ment Listing’s law would vary as a function of the direction oérror can occur, but it is corrected during the subsequent
the line of sight (horizontal and vertical eye position). Norsaccade. It has been shown in rhesus monkeys that the nucleus
mally, this mapped torsional signal would encode the differeticularis tegmenti pontis (NRTP), which provides input to the
ence between the mechanically determined torsional resticeyebellum, plays an important role in this strategy of stabiliz-
position of the eye and the torsional ocular position required lnyg Listing’s plane (Van Opstal et al. 1996). Thus it is con-
Listing’s law. Because this difference probably changes witteivable that the cerebellum influences the above brain stem
changing eye position, it can be expected that, if the brain ditructures involved in controlling the torsional degree of free-
not generate the correct torsional tonic signal, the velocity ddbm of the eye and, therefore, Listing’s law. In the case of
the torsional drift would vary as a function of the line of sightcerebellar atrophy, we therefore can expect violations of List-
Therefore, the eyes would always drift from the Listing’s planiag’s law.
defined by the saccadic system (pulse) to torsional positiondndeed, the ocular drift in our cerebellar patients violated
defined by the ocular plant. The torsional components of quitksting’s law. This was partly caused by a torsional drift that
phases would then move the eyes back to or even beyatepended on horizontal gaze eccentricity and changed its di-
Listing’s plane to correct the drifts out of Listing’s plane (Legection if the eyes abducted or adducted. We propose that, in
et al. 1998; Van Opstal et al. 1996). This scheme does mairmal subjects, the cerebellum generates a tonic torsional
exclude the idea that the ocular plant restricts three-dimesignal that maintains the eyes in Listing’s plane against the
sional eye positions in a planar fashion, but such a mechamechanical forces of the ocular plant. Because, in our hypoth-
cally implemented plane would at least have a different orieasis, the difference between the mechanically determined tor-
tation than the neurally-defined Listing’s plane. Moresional zero position and the torsional zero position defined by
specifically, the “mechanical plane” would be tilted less back-sting’s law varies with the direction of the line of sight, the
ward than Listing’s plane because during adduction the eytesic torsional signal must be mapped as a function of hori-
drift in the extorsional direction, and during abduction thegontal-vertical eye position. Because of this eye-position de-
drift in the intorsional direction. Of course, the ocular planpendence, the tonic torsional signal cannot simply be the
might also implement a nonplanar surface toward which tleeitput of a torsional velocity-to-position integrator. Therefore,
eyes would drift when the mapping of the tonic torsional sign#he normal cerebellum does more than just maintain the time
to the direction of gaze is deficient. The fact that, with gazmnstants of the integrators or compensate for imbalances of
straight ahead, there was a small extorsional drift (spontaneaignals from the semicircular canals. By taking into account the
intorsional nystagmus) might be related to the finding biystantaneous horizontal and vertical eye position components,
Seidman et al. (1995) that the time constant of torsional driftproduces the correct torsional position component, i.e., ac-
after a mechanically applied extorsion is less than half thi@tely controls the three-dimensional kinematics of the eye. If
from intorsion. this torsional mapping does not occur, eye-position—dependent
Another possibility is that torsional drift is a result oftorsional drift is expected. We consider this drift a “passive”
abnormally large torsional blips that occur during the quickiolation of Listing’s law because we assume that the drift is
phases. After these blips, which violate Listing’s law, thdetermined by the mechanics of the ocular motor plant in the
eyes would drift back to Listing’s plane. We cannot comabsence of a mapped torsional tonic signal. All other known
pletely exclude such a mechanism, but in this case th®lations of Listing’s law are caused by mechanisms that
expectation would be that the standard deviation of das&ucturally (e.g., orbital tumors) or by explicit neural signals
points from the plane fitted to the presaccadic eye positio(esg., torsional macroblips, eye movements evoked by torsional
should be smaller than the standard deviation from the plamestibular stimulation) interfere with Listing’s law.
fitted to the postsaccadic eye positions; this, however, wasWe also investigated whether or not vertical drift in isolation
not the case (Table 1). would conform with Listing’s law. The data showed that this
was not case. However, if we only analyzed the vertical drift
component caused by leaky vertical integration, eye trajecto-
ries did not significantly violate the half-angle rule and, there-
In the absence of vestibular stimulation, the intact oculéore, obeyed Listing’s law. So it appears that the vertical
motor system closely obeys Listing’s law during fixations andglocity-to-position integrator encodes vertical eye position in
to a lesser degree, during smooth pursuit eye movements aisting’s plane, but that the vertical velocity bias drives the eye
saccades (Haslwanter et al. 1991; Straumann et al. 1986t of Listing’s plane, in addition to the torsional drift that
Tweed and Vilis 1990; Tweed et al. 1992). Torsional velocitydepends on horizontal eye position. The fact that the vertical
to-position integration, together with vertical integration, iselocity bias violates Listing’s law supports the hypothesis that
located predominantly in the interstitial nucleus of Cajal (iC}his signal is of vestibular origin, because a distinct property of
which is the source of the appropriate vertical and torsional egge movements evoked by vestibular stimulation is that the
position signals that are transmitted to the ocular motor neaxis tilts less in the direction of gaze than required by the
rons. Unilateral lesions or microstimulations of the iC lead thalf-angle rule (Misslisch et al. 1994, Palla et al. 1999). That
movements out of Listing’s plane (Crawford et al. 1991fhe vertical velocity bias comes from the pursuit system is
Similarly, unilateral lesions and microstimulations of the rosinlikely because smooth pursuit eye movements obey Listing’s
tral interstitial nucleus of the medial longitudinal fasciclédaw (Haslwanter et al. 1991; Tweed et al. 1992). Whether or
(riMLF), which contains the premotor vertical-torsional sacAot the horizontal centripetal drift in isolation violated List-
cadic short-lead burst neurons, lead to eye movements ouir@’s law could not be decided based on our measurements
Listing’s plane (Crawford and Vilis 1992; Henn et al. 1991because torsional drift also increased as a function of horizon-
Suzuki et al. 1995). After a saccade, a small torsional posititad eye position with a slope that was different in each patient.

Validity of Listing’s law
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Finally, we investigated whether or not horizontal-eye-postenn, V., STRAUMANN, D., Hess B. J., HePR K., ViLis, T., AND REISINE, H.
tion—dependent torsional drift could also occur in isolation Generation of vertical and torsional rapid eye movement in the rostral

; ; _ esencephalon. Experimental data and clinical implicatiéwasa Otolar-
without the presence of horizontal gaze-evoked nystagmus and gol. (Stockh.) Suppli81: 191193, 1991,

. n

downbgat nystagmus. Because our patients were selecteq@i;g‘ K. On Listing’s law.Comm. Math, Physl32: 285-292, 1990.
the basis that horizontal gaze-evoked and downbeat nystagmgis k., DursTeLER M. R., anp ReISINE, H. Analysis of slow phase eye
were present, we cannot give a conclusive answer. It iS Outelocity during the course of an acute vestibulopathgta Otolaryngol.
clinical experience, however, that patients with slight cerebel-(Stockh.)406: 227-230, 1984.
lar atrophy Often, in the absence of horizontal gaze_evokéGRE, J., \NA'TTS, S:,AND Vius, T.’Constraints on'arm 'position when pointing
nystagmus or downbeat nystagmus, show torsional instabilit%‘h;hsr;fggm;;f'oggsé ngn;;rs law and the Fick gimbal stratdgileuro-
with a tendency to drlﬁ_du”ng ecc,enmc ga}ze. the €yes Slo,Wllyo, M., NisivAarRu, N., AND YAamamoTO, M. Specific patterns of neuronal
move e_xtorsm_nally durlng adduc_:tlon an_d intorsionally during connexions involved in the control of the rabbit's vestibulo-ocular reflexes
abduction. This pattern is consistent with the results on tory the cerebellar flocculus. Physiol. (Lond.R65: 833—854, 1977.
sional drift for the patients presented. Our clinical experiencee, C., Sraumann, D., anD Zeg, D. S. Saccades from torsional offset
also supports the hypothesis that torsional mapping of the eyeositions back to Listing’s plan&oc. Neurosci. Abst24: 1744, 1998.
to implement Listing’s law is a separate mechanism than tHﬁg)':];o% Jiggg Zeg, D. S.The Neurology of Eye Movementsew York:
for mamtamlng horizontal an.d Vert.lcal ga.ze' . . ssLiscH H., Tweeb, D., FETTER, M., SEVERING, D., AND KOENIG, E. Rota-

In con(_:luslon, t_he thre_e-dlmensmnal kinematic anaIyS|s Oltional kinematics of the human vestibuloocular reflex. Iil. Listing’s law.
ocular drift in patients with cerebellar atrophy strongly sug- j. Neurophysiol72: 2490-2502, 1994.
gests that the cerebellum is involved in the neural implemePsiLa, A., Srraumann, D., anD OsziNa, H. Eye position dependence of
tation of Listing’s law. three-dimensional ocular rotation axis orientation during head impulses in

humans Exp. Brain. Res129: 127-133, 1999.

. . o . Quaia, C.aND OpTicaN, L. M. Commutative saccadic generator is sufficient to
The field coil systems (a modification of a Remmel-type system) used in thiScontrol 5 3-D ocular plant with pulleysl. Neurophysiol 79: 31973215,
study were designed and constructed by A. G. Lasker. Paradigms were projgqg

grammed by D. Roberts. Some of the patients were recruited by P. D. Kranﬁ&smsou D.A. Zeg, D. S.. Hun, T. C.. HOLMES, A., AND ROSENBERG L. F

R. F. Lewis, and S. G. Reich. \ o ) o ) )
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