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SUMMARY PAGE 

THE PROBLEM 

This study was designed to determine whether systematic nystagmus could be 
elicited in  man by a periodic linear acceleration stimulus. 

FINDINGS 

A highly systematic horizontal nystagmus was observed in  response ts clJyr?ornic 
translatory linear accelerations of sinusaidc! fszl and to linear accelerations gener- 
ated by a coun+errs:c;;;on-t.jp rotating vector stimulus. Vertical nystagmus could 
not be demonstrated in  response to similar stimuli. The magnitude of the slow com- 
ponent of nystagmic eye velocity and its phase lag behind the linear acceleration 
stimulus were found to differ markedly from those associated with periodic angular 
acceleration stimulation of  the semicircular canals i n  a comparable frequency range. 
Regardless of  the stimulus form, the effective stimulus element for elicitation of the 
horizontal nystagmus appeared to be the dynamic change in  the linear acceleration 
component directed along the y (left-right) head axis. 
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iNTRGDUCTiGN 

I::  ene em!, It hns been accepted that the semicircular canals serve as the 
primary biological transducer for angular motions, while the otolith mechanisms are 
zsn:Iderec! k he +he equivalent sensor for linear acceleration stimuli. Experimenta- 
tion i n  the vestibular field has been such, however, that a great deal more data are 
available to describe the response behavior of the semicircular canals than are avail- 
able to quantify the stimulus-response characteristics of the otolith mechanism. It 
has been shown (3) how frequency response analysis techniques making use of sinus- 
oidai anguiar aCCeiemi;ons uf v~r j - izs  ~==;L'ORP I nnJ -..- mnznitiide as stimuli and ocular 
nystagmus as a physiologically objective response may be applied to the quantifica- 
tion of the performance characteristics of the semicircular canals. 

The presentation of  dynamic or time-variant linear acceleration stimuli fully 
independent of  potential angular acceleration effects i s  more difficult, and fewer 
such studies have been performed. McCabe (7) presented sinusoidal linear accelera- 
tion stimuli to cats, chinchillas, and human subjects in  the form of vertical oscilla- 
tions along the cephalocaudal axis and reported vertical eye movements with occa- 
sional, marked, slow-fast components of nystagmic form. Nystagmic beats were 
observed by Jongkees and Philipszoon (5) in eye movement records obtained from 
rabbits when placed in  a lateral position on a cart and accelerated sideways and 
also when swung side to side on a parallel swing. They also elicited nystagmic beats 
in  a human subject lying i n  normal and lateral positions on a parallel swing but only 
when he looked in  the direction of the fast component of the expected nystagmus. In 
both of these studies, the nystagmus was of a continuous nature, i.e., nonrevening, 
and not keyed to the cyclic changes in direction of the acceleration stimulus. 

Nystagmus, the generally accepted ocular response of the semicircular canals 
to angular acceleration, would seem to be a promising indicator, but a survey of the 
experimental literature showed that i t  has not been accepted as a response to linear 
acceleration. Many experiments, e .g., Woellner and Graybiel (9), have demon- 
strated the occurrence of ocular displacement but not of  nystagmus as a function of  
the magnitude and dlieetion zf tIme-Invnrinnt (static or constant) linear acceleration. 
Other experimenters, e.g., Lansberg, Guedry, and Graybiel (6) ,  have reported the 
modification of an existing nystagmus initiated by angular acceleration through the 
introduction of  linear acceleration acting simultaneously. Several studies (1,2) have 
reported an ocular nystagmus associated with a time-variant linear acceleration in  the 
absence of, but following shortly after, stimulation by angular acceleration. In these 
cases, however, the attribution of  the response to one form of acceleration stimulus 
to the exclusion of the other remains subject to question. 

When a device, the Coriolis Acceleration Platform (CAP), capable of pro- 
ducing linear acceleration without angular motion became available to the U. s. 
Naval Aerospace Medical Institute, the present study was undertaken to determine 
i f  ocular nystagmus could be demonstrated i n  response to a sinusoidal linear accel- 
eration stimulus as a basis for future frequency response analyses of  the oculovestibular 
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system, The demonstration o f  a highly systematic nystagmus unequivocally keyed to t 
linear acceleration in  the absence of potentially confounding angular accelerations 
would be of obvious practical and heuristic value. 

PROCEDURE 

SUB JE CTS 

Four males with no apparent defects in hearing or equilibrium served as subjects 
for this experiment. Three of  the subjects (the authors) had previous experience on 
the device, and all were acquainted with the pmcedure and objectives of the experi- 
ment. 

APPARATUS 

The linear acceleration stimuli used in  this experiment were generated by the 
CAP. This device consists o f  a cylindrical room 20 ft in diameter, identified as Slow 
Rotation Room II (SRR-II), centered on the rotational axis o f  the device and a 40 ft 
horizontal track superstructure identified as the Radial Track Assembly. An over-all 
view of the SRR-II capsule and the Radial Track Assembly i s  presented i n  Figure 1 .  

Figure I 

General view of Coriolis Acceleration Platform. The device comprises slow Rototion Room II, the enclosed 
central portion, ond Radial Track Assembly, the track extending through the room and projecting outwad on 
both sides. Both angular and linear motions may be programmed independently or simultaneously. 
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- *  ,The general configuration of  the track assembly as viewed from one end of the track 
'superstructure i s  shown in  Figure 2. As may be seen, removable wall hatches and 
floor panels permit free passage of  the truck assembly through the interior o f  the SRR-II 

Figure 2 

View looking along the Radial Track Assembly. The platform i s  shown carrying an experimental chair. 

capsule. An experimental cab 4 ft x 4 ft x 4 ft (Figure 3) i s  mounted on a 4 ft x 4 ft 
track carriage which i s  wheel-svpprtzd 0:: h v ! ~  llveell-mi!s an the track superstructure. 
The cab i s  designed so that i t  can be statically mtated about any of i t s  three axes and 
attached to the track carriage to preposition the subject relative to the acting linear 
acceleration. 

Motive power for the track carriage with attached cab i s  provided by a DC 
motor located on the rotational ax!s of the device immediately beneath the "vee"- 
rai Is. The DC motor i s  drum-coupled to the track carriage by means of a pretensioned 
wire cable. The toque motor drive system i s  operated as a closed-loop power servo- 
mechanism with position feedback established by a potentiometer attached to the 
motor shaft. Static and dynamic control of the instantaneous displacement of the 
track carriage i s  provided by DC command signals proportional to the desired position- 
time profile. The maximum ratings of the device are such that linear motions can be 
produced with &20 ft displacement, f 16 ft/sec velocity, +3  g acceleration, and 
1 cps oscillation frequency with the condition that each maximum rating serves as the 
operational l i m i t  for any combination. 
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Figure 3 

View showing the subject's cab used in the present study. The subject i s  shown in the Mode 1 body orienta- 
tion (see text). 

As an empirical check of the magnitude and direction of the linear accelera- 
tions produced during the test trials, a triaxial linear accelerometer was positioned 
at the subiect's head level and oriented so that the appropriate accelerations could 
be recorded. A high-gain preamplifier for physiological recording was also located 
within the cab. Direct current comeoretinal potentials, reflecting horizontal and 
vertical eye displacements, were amplified, filtered to reduce interference from 
muscle artifacts, and recorded on an 8-channe1, direct-writing recorder located in  
a nearby control room. 

I EXPERIMENTAL STIMULI 

The stimuli i n  this experiment consisted of  three sequentially applied oscilla- 
tions of variable frequency and constant magnitude peak acceleration. The frequen- 
cies employed were 0.2, 0.4, and 0.8 cps with the peak track displacement adjusted 
so that the peak acceleration level could be maintained constant for a l l  frequencies 
at 18.6 ft/sec2 or 0.58 g .  The actual and normalized characteristics of the stimulus 
profiles are presented i n  Table I; the normalized parameten are derived as a ratio of 
the relevant magnitude to the corresponding magnitude at 0.2 cps. 
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rl Table I 

Comparison of Actuai and NormaIized AkgnItude: sf Three Linear Acceleration Stimuli 

Stimulus No. 1 Stimulus No. 2 Stimulus No. 3 
Motion Parameter Actual Normalized Actual Normalized Actual Normalized 

1 Frequency (cps) G.2 I 0-4 7 0.8 4 
Peak displacement (ft) 611.75 1 6 2.94 0.25 + 0.74 0.06 
Peak velocity (ft/sec) 6 14.77 1 f 7.38 0.50 f 3.69 0.25 
Peak acceleration (ft/sec2) f 18.56 1 *18.56 1 f 18.56' 1 

EXPERIMENTAL METHOD 

Each subject was exposed to each of  the three experimental frequencies while 
oriented in  four positions relative to the diEction of the linear acceleration vector. 
The basic notation used to describe the stimulus kinematically i s  summarized in  graphic 
and equation form i n  Figure 4. The x, y, and z head axes denote the front-back, 
left-right, and vertex-base dimensions, respectively, of  the skull while the fmntal, 
sagittal, and horizontal head planes are mathematically identified as the yz, xz, 
and xy  planes of the head, respectively. 

The components of the resultant linear acceleration of  the head acting along 
the x, y, and z head axes are denoted as 4, A,, and A,, respectively, in  the 
directional sense denoted i n  Figure 4. 

The four basic orientations used in  this study included: Mode 1. - the subject 
lying on his back and oriented so that the sagittal xz head plane was at right angles 
to the direction of the iinear track moiloiis; Mode 2. - same as Mode 1 except subject 
sitting upright; Mode 3 .  - the subject lying on his back and oriented so that the hori- 
aontal xy head plane was at right angles to the track motions; Mode 4. - the subject 
sitting in an upright position and oriented so that the frontal yz head plane was at 
right angles to the track motions. 

Each subject was exposed to three experimental frequencies under the conditions 
of eyes open and eyes closed. Two of the subjects were presented the experimental 
frequencies in  an ascending oi&i (0.2, C.4, nnd 0,8 c p )  and two in a descending 
order (0.8, 0.4, and 0.2 cps). For one subject of each pair, horizontal and vertical 
nystagmus were first recorded with eyes closed, then with eyes open; for the other, 
the recording sequence was reversed. Since i t  i s  known that fixating i n  the direction 
of  the fast component of an anticipated nystagmus can facilitate or modify such 
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nystagmus, the subiects were instructed to maintain a straight-ahead gaze at al l  times 1, 
during cab oscillation. 

+ (VERTEX) 

t 

- t Y  
(LEFT1 

+ A "  

t 
-2  ( B A S E )  

FRONTAL PLANE SAGITTAL PLANE HORIZONTAL U N E  

n,, = lii,,lL$* n., = lnx21Ll#l, n., = In., IL 4, 
112 

16,,1= (A,2+A;)"2 l i d =  ( A , ' + A ~ )  l i x y l = ( A t  *A,')"' 

4"  = ARC T A N ( - A " / A ~ )  4" = ARC TAN (A,/A,) #,z =ARC TAN(A,/A,) 

Figure 4 

Schematic diagram giving basic notation in pictorial and equation form for the linear acceleration stimuli 
acting on the subject. 

Initially the subiect's head was fixed by means of a standard aviator's helmet 
secured to the cab frame. It was evident, however, that excessive freedom for rotary 
motions of the head existed. For this reason, the subject was secured in  the cab in  one 
of the four basic body orientations with his head rigidly fixed by means of an individual, 
custom-molded, plaster cast (Figure 5) and with his body fixed securely to the seat by 
straps. 

The nystagmus recording circuits were then calibrated by having the subject 
fixate alternately two target points of  known angular separation. Once the calibration 
pmcedure was complete, the experimental cab was sealed, insuring that the cab was 
completely light-tight. The subject was then oscillated at one of  the predetermined 
test frequencies. Recording was begun following osci Ilation for sixty seconds to mini- 
mize any biological transient effects,that might be associated with the onset of the 
stimulus. After sixty seconds of sinusoidal oscillation the subject was instructed to 
open or close his eyes as the experimental conditions required, and recording was 
continued for another sixty seconds. The usual procedures of  "chatter" and performance 
of mental arithmetic were used to encourage maximal nystagmic response. A rest period 
of at least two minutes was allowed before the next experimental run. 

6 



Figure 5 

Assembled and disassembled plaster molds used to fix the subject's head to the experimental platform. The 
molds were cast individually to ensure full constraint. 

Following completion of  the experimental trials for nystagmus recordings, the 
experimental design was replicated with the subjects instructed to view a 7 1/2 in. by 
1/32 in. luminous line target (aligned with the z axis in Modes 1 and 2, with the y 
axis i n  Modes 3 and 4) and report their impressions of  target movement. On the trials 
where the eyes were closed, reports of posturai sensations were obtained. 

RESULTS 

Horizontal nystagmus was found to be elicited by the periodic linear acceleration 
stimulus in  certain body orientations. Vertical nystagmus was not observed during any 
of  the stirnu Ius conditions of this exberiment . Typical tracings of horizontal nystagmus 
obtained when the resultant of the track and gravitational accelerations were acting i n  
the horizontal plane of the head (Mode 1 orientation) with the eyes open are repro- 
duced i n  Figure 6. Essentially similar responses were obtained in  the eyes closed condi- 
tion as shown i n  Figure 7. A pronounced horizontal nystagmus was also observed when 
the resultant acceleration vector was varied sinusoidally i n  the fmntal plane of the 
head (Mode 2 orientation) as may be seen in  Figure 8. Neither the horizontal nor the 
vertical nystagmus expected in  the Modes 3 and 4 orientations could be observed (see 
Figure 9). 
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Figure 7 

Horizontal nystagmus reco&d from the same subjects in the same body orientation (Mode 1) as in Figure 6 but 
with eyes closed. 
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Figure 8 

Horizontal nystagmus recorded fmm subjects with eyes open. The track acceleration component i s  again direc- 
ted along the y head axis although they are seated erect (Mode 2). 
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Figure 9 

Vertical eye movements recorded from subjects with the track acceleration directed along the z head axes 
(Mode 3 above) and the x head axes (Mode 4 below). The absence of verticol nystagmus i s  in marked con- 
trost with the horizontal nystagmus elicited k y-axis stimulation (Modes 1 and 2). 
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The recordings of the nystagmic response to sinusoidal linear oscillation accel- i l -  l 

eration stimuli for the Modes 1 and 2 orientations were analyzed to determine both 
phase shift and magnitude of  peak slow component velocity. The phase shift or lag 
of the nystagmic response behind the stimulus was measured as the distance from the 
point at which the stimulus acceleration was zero to the transition point at which the 
slope of eye displacement was zero (i .e., velocity of the slow component was zero) 
and the results we; expressed in electrical degrees, where one degree equals 1/30 of 
a cycle. This method of  measurement has been described i n  detail i n  an earlier report 
(8) on the frequency response of the semicircular canals. Peak slow component velocity 
was determined by measuring the slope of the individual nystagmic responses and select- 
ing the maximum value. A summary of the results i s  presented i n  Table II. 

- 

Table II 

Mean Slow Component Velocity (e) and Phase Shift Angle (@) of  Ocular Nystagmus as 
a Function of the Frequency of a Sinusoidal Linear Acceleration Stimulus 

Frequency (cps) 
0.2 0.4 0.8 

Subject ( d d s e c )  @ (deg) \Er (deg/sec) @ (deg) \li (deg/sec) @ (deg) 

MJC 9.16 25.46 7.84 26.04 7.17 30.28 
n* 74 74 54 66 48 50 

JEC 
n 

8.09 27.60 7.26 40.20 7.69 30.47 
45 48 34 34 23 12 

W CH 11.91 25.4 1 12.81 32.98 15.34 47.57 
n 54 56 64 77 24 59 

JIN 
n 

5.33 25.72 7.99 22.68 9.32 24.38 
24 28 18 6 20 6 

Group mean 9.20 25.96 9.61 31.48 9.33 38.04 
n 197 210 170 183 115 1 27 

Pooled S.D. 3.03 9.38 2.50 11.12 2.89 16.01 

*n = number of measurements on which mean i s  based. 

The subject means contained in  Table II were obtained by combining the values obtained 
for eyes open and eyes closed for body orientations Modes 1 and 2. Lack of any statis- 
tical difference between these conditions permitted this grouping. 
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* VSTURAL AND VISUAL SUBJECTIVE SENSATIONS 

The visual impressions of the luminous iine iargei rricif be svmmcrlzed as follows: 
Qurlng Modes 1 and 2 stimulation the line target remained directly ahead of  the sub- 
ject for al l  experimental frequencies. The visual iargei p~ssessed prdnminantly the 
quality of apparent velocity; that is, i t  appeared to move with the observer as he 
experienced movement to the left or right. Apparent displacement, that is, lag or 
lead of the sensation of postural displacement by the target, or apparent t i l t ing of the 
target eiiher C&’ c i  CC?.?, ?urn* either not observed or was minimal. During Modes 3 
and 4 stimulation, as i n  the case of the other two body orientations, the iurys; i=s=InPd 
directly ahead of the subject and moved back and forth with him. However, i t did not 
appear to be displaced above or below the subject at any time during the test trials. 

- 1  ~. 

The postural sensations may be summarized as follows: In Modes 1 and 2 the 
subjects perceived primarily a pure translation, or side-to-side motion, i n  the hori- 
zontal plane. In Modes 3 and 4 the sensations were similarly of  fore-and-aft displace- 
ment along the track. In a number of instances there was a tendency to report a brief 
yawing, mlling, or pitching sensation, depending upon orientation, at the point of 
maximum displacement, but generally the sensations were described as simple trans- 
latory movements. 

DISCUSSION 

The eye motion recordings of this study, marked by precisely defined fast and 
slow components with directional transitions tightly keyed to the stimulus, show clearly 
and definitively that linear acceleration i s  an adequate stimulus to produce nystagmus. 
This horizontal nystagmus was elicited whenever the head was oriented with i t s  sagittal 
xz  plane at right angles to the direction of sinusoidal track accelerations. In  effect, 
horizontal nystagmus resulted when the y (left-right) head axis was aligned with the 
direction of  motion for both the erect and supine postures. Horizontal nystagmus was 
not observed for the orientations where the track acceleration acted at right angles to 
e;i:iei the f ~ ~ t z !  32 or horizontal x y head planes, i .e., for accelerations directed 
along t h e x  and z head axes, respectively. 

In contrast, i t  was not possible to record observable vertical nystagmus under 
any of  the four stimulus conditions of  the study even with greatly increased recording 
sensitivity. During various related pilot studies other body orientations which involved 
statically t i l t ing the three cardinal head planes relative to the direction of motion were 
used. In  no case was vertical nystagmus recorded. At most, there sometimes occurred 
sii;i;s~Idz! variations of the baseline which had l i t t le  repeatable correlation with the 
amplitude-time profile of the stimulus. 

The characteristics of the observed horizontal nystagmus and i t s  relationship to 
the acceleration A, acting along the y head axis can be summarized as follows: Each 
change i n  direction of the A, stimulus was accompanied by a change in  direction of 
the slow component of eye velocity. The time-course of these changes was such that 
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the reversals in  the direction of  nystagmus (marked by zero eye velocity) lagged slightlfi 
behind the reversals in  the direction of the A, stimulus (marked by zero acceleration). 
The polarity sense of  these reversals was such that acceleration to the left produced 
nystagmus with the slow component of eye velocity to the right, and vice versa. The 
instantaneous slow component of eye velocity described a sinusoidal waveform closely 
resembling that of the sinusoidal A, stimulus. 

The frequency dependence of the nystagmus data as derived from a magnitude 
and phase analysis o f  the slow component o f  eye velocity (Table II) can be described 
as follows: The mean peak eye velocity remained constant at approximately 10 deg/sec 
at F = 0.2, 0.4, and 0.8 cps so that this parameter can be considered independent of 
frequency over the denoted stimulus range. The directionnl +mn::!!Ss;= I;, cy-e v=:cur;+v -" I  

; ! i ~ ~ = u '  (.I rrhi lveiy small  increase in  phase jag as the stimulus frequency was increased, 
i.e., mean phase angles of approximately 26', 31', and 38' at 0.2, 0.4, and 0.8 cps, 
respectively. 

I 

~ 

With the three particular stimulus configurations chosen for this study, frequency 
served as the independent variable with the condition that the peak acceleration was 
held constant throughout. With simple harmonic motion, the peak velocity parameter 
of the stimulus i s  inversely proportional to the driving frequency while the peak dis- 
placement parameter i s  inversely proportional to the square of  the frequency. Thus, 
as indicated by the normalized magnitude data of Table I, when the stimulus frequency 
was raised from 0.2 to 0.8 cps (a fourfold increase), the peak velocity and peak dis- 
placement were reduced to 1/4 and 1/16, respectively, o f  their values at 0.2 cps. As 
far as the motion parameters proper are concerned, only the peak acceleration remained 
constant. It i s  apparent, then, that the peak value of the slow component o f  eye veloc- 
ity, which also remained relatively constant, i s  keyed to the acceleration parameter 
rather than to the velocity or displacement parameters of  the simple harmonic motion 
stimulus. 

One further observation of primary concern involves the decay time of the 
nystagmus following removal o f  the stimulus. The experimental procedure was such 
that upon completion of the nystagmus recording sequence, the track carriage was 
brought to a stop within two to five seconds. The decay o f  the nystagmus was so rapid 
that i t s  termination was almost coincidental with termination of  the stimulus. This 
observation, combined with the constant peak amplitude and minimal phase shift data 
observed over the relatively high stimulus frequency region, indicates that the biologi- 
cal sensing mechanism or mechapisms responsible for elicitation of  the nystagmus have 
a relatively fast response time when stimulated in  this mode. 

The nystagmus data presented in  this study arose from a stimulus condition in 
which a linear acceleration vector (due to track motion) o f  variable magnitude acted 
along a single fixed morphological axis. The authors have also induced horizontal 
nystagmus by exposing subjects to a countermtation-type stimulus defined by a linear 
acceleration vector of constant magnitude rotating at constant angular velocity in  a 
given morphological plane. This stimulus was produced by linearly oscillating the 
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CAP track platform at constant frequencyc w rad/sec, while simuitaneously rotating 
the device at constqnt angular velocity, 8, rad/sec, with the special condition that 
W was identical to 0,. In addition, by vui-yifig the peck track displacement, while 
holding track frequency and rotational velocity constant and equal, i t  was possible to 
obtain different constant magnitude ievels of thc ;-,tat!ng !Inem acceleration vector. 
The actual stimuli thus obtained were equivalent to counterrotation of a subject at 
12 RPM in 0.3, 0.4, and 0.5 q centripetal acceleration fields. 

r- 
. ._ . 

A ;zczrd prnc-ted in  Figure 10 shows the horizontal nystagmus produced by 
such a stimulus rotating through the horizontal xy head piane (again, s;~I~!kzcz:: 
recording from appropriate electrodes failed to show vertical nystagmus). The charac- 
teristics of the horizontal nystagmus elicited by counterrotation included periodic 
reversals in  direction and a slow component of eye velocity of sinusoidal waveform. 
More importantly, the horizontal nystagmus produced by this counterrotation was 
tightly keyed to the instantaneous component of the constant magnitude linear accel- 
eration vector acting along the y head axis. This component, A,, was of  sinusoidal 
form and fully equivalent to the translatory-type stimulus used in  the present study. 

Thus for counterrotation at this rate, each reversal in  the direction of A, was 
followed by a reversal i n  direction of the horizontal nystagmus; acceleration to the 
right produced nystagmus with a slow component to the left, and vice versa. (The 
phase relationship between the nystagmus and A, can be obsewed in  Figure 10 by 
noting that A, has a waveform identical to that of the "stimulus reference" channel 
shown, except for a 90-degree phase lag.) In essence, the nystagmus elicited by 
linear acceleration generated through countermtation was very similar to that elicited 
by translation of harmonic motion form along the p axis. 

The nystagmus of this study also closely resembles that recorded when a subject 
i s  exposed to sinusoidal angular acceleration of variable frequency about an Earth 
vertical axis. In the latter case each reversal in direction of the angular acceleration 
stimulus i s  accompanied by a reversal in  the direction of the nystagmus with an angular 
c?cce!eration to the subiect's right (about the z head axis) leading to nystagmus with 
a slow component of eye velocity to the left, and vice versa. :ii ~ c i d i t i m ,  the wave- 
form of the instantaneous magnitude of the slow component of eye velocity follows the 
sinusoidal waveform of the angular acceleration stimulus. 

However, two important differences in  nystagmus characteristics result for the 
two stimulus conditions. For sinusoidal angular accelerations i n  the vicinity of 0.2 cps, 
i t  has been shown that the directional nystagmus transitions lag the driving angular 
acceleration or toque producing the response by 80 to 90 degrees (4,8). Further, the 
peak magnitude of the slow component of eye velocity decieaje; a the frequency i s  
raised. In general, the magnitude and phase characteristics of the slow component of 
eye velocity for frequencies near and above 0.2 cps are such that sinusoidal angular 
oscillations must be of  constant peak velocity form to produce constant peak velocity 
nystagmus; for frequencies far below 0.2 cps they must be of constant peak acceleration 
form to produce a nystagmus with constant peak velocity. That i s  to say, the transduction 
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NYSTAGMUS PROMICED BV LINEAR ACCELERATION 
- COUNTER ROTATION - 

ACCELERATION STIMULUS: CONSTANT ~ ~ l U D E ' V E C T O R  ( 171 ) 
ROTATING THROMIl THE H o w z m  XY HEAD PUNE (02 mm) 

c 

1 

Figure 10 

Horizontal nystagmus produced by rotation of o constant magnitude linear occeleration vector through the 
horizontal x y  head plane at constant angulor velocity. The stimulus i s  equivalent to counterrotation of  a 
subiect at a constant 12 RPM rate in centripetol acceleration fields of  0.3, 0.4, and 0.5 0 as denoted at 
the right in each recording. The reversals in the direction of the slow phase of nystagmus are keyed to the 
reversals in direction of the linear acceleration component acting along the I/ axis which occur at the instant 
of maximum displacement on the stimulus reference cuwe. 
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processes are frequency dependent, keyed to acceleration at very low frequencies and 
1.0 veloci:y ct the higher frequencies. In the same context the nystagmus elicited by 
the sinusoidal linear accelerations of this study becomes analog to 2:: ccceleration 
i m r i d ~ ~ ~ k : :  ~TC?CPST in  the 0.2 to 0.8 cps stimulus range since no change in nystagmus 
peak velocity occurred. I t  should also be obvious that h i s  r d c  cf :ecpnce w i l l  not 
extend to very low frequencies since i n  the l imit,  i.e., i n  the static acceleration 
environment, nystagmus becomes nonexistent. It may be concluded that a dynamic 
change in acceleration, i.e., ierk, along the 9 head axis i s  required to el ici t  the 
nystagmus. 

A comparable interpretation of the visual and postural illusions can be made. 
I t  may be noted that the direction of the resultant of the track and gravitational accel- 
erations was changing continuously during each oscillation cycle. With the peak track 
acceleration of  0.58 
vector from Earth vertical was 30 degrees and occurred at the instant of peak displace- 
ment to either side of the oscillation center. The stimulus was perceived primarily as 
translatory motion and not as body tilt. Conversely, when a static linear acceleration 
vector i s  reoriented relative to the body, as in centrifuge experiments, the stimulus i s  
perceived primarily as body tilt. It may be hypothesized that perception of body tilt 
i s  frequency dependent: When the morphological orientation of a linear acceleration 
stimulus i s  changed rapidly, a sensation of  motion arises; when changed slowly or held 
constant, a sensation of t i  It arises. 

the maximum deviation of the resultant linear acceleration 

The results have operational significance in that the potential for the occurrence 
of  horizontal nystagmus during a tmnsition from one linear acceleration level to another 
exists whenever man i s  oriented so that the transition produces a change in  acceleration 
along the g (left-right) head axis. Such nystagmus would arise typically for passengers 
seated sideways in  vehicles with linear motion characteristics described by relatively 
sudden changes in  acceleration or deceleration along the fore-and-aft axis. From the 
rapid decay of the nystagmus observed in  this study, i t  would be expected that this 
nystagmus would exist only during the acceleration transition period. 

The results also have experimental significance in  that any siuciy peiSermed c?n 
an angular-motion-type research device where horizontal nystagmus i s  a primary re- 
sponse variable must consider that dynamic variations i n  the linear acceleration element 
of the over-all vestibular stimulus can contribute to the response. Stated more specif- 
ically, time variations of the component o f  the resultant linear acceleration which acts 
along the K head axis, whether due to magnitude changes in  centripetal, tangential, or 
linear Coriolis accelerations or to morphological directional changes of the same accel- 
erations as well GS ~f the grcwitational f ie ld  itself, may el ici t  horizontal nystagmus. 
Further, the nystagmus elicited by such stimuli may act in  conceri or in oppsi t im +a 
the horizontal nystagmus produced concurrently by the angular acceleration element 
of  the environment and lead to either an attenuation or amplification of  the over-all 
nystagmus response. 
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These data demonstrate definitively the production of a systematic horizontal 
’ 

ocular nystagmus i n  response to a dynamic change in  linear acceleration, ierk, acting 
along the u head axis. The response or decay time characteristics as well as the phase 
and magnitude characteristics of  the nystagmic response to periodic linear acceleration 
differ markedly from those of the comparable response to periodic angular acceleration. 
However, these differences neither prove nor disprove that the horizontal semicircular 
canals, acting in a physical mode not identical to the classical concept of cupula- 
endolymph flow, respond to periodic linear acceleration stimulation. More data, 
particularly on the response to low-frequency, high-level, linear acceleration stimuli, 
w i l l  be required before i t  becomes feasible to attempt to specify the responsible biolog- 
ical sensing system, e.g., otolith or canal receptors. 
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