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THE TRAINING OF HUMAN VOLUNTARY TCRSION: TONIC AND DYNAMIC CYCLOVERSION

Abstract of the Dissertation
Torsion is defined as any rotation around the visual axis of the eye. Since
the middle of the 1%ch century some researchers have doubted that functional
ccular torsions occur in man. DReseavchers who have reported torsional eve
mevenents found that these movements were sither controlled xeflexively, as
"in the counter-rolling of the eves during lateral head tilt, or visually
induced, as in large field rotary~nystagamus. - It has never beem found that
ocular torsion ceculd be controlied voluntarily, It was my conviction that the
human oculomotor system is more plastic than the existing torsional data
suggests, 1 felt that by employing optimal stimulus-response conditions
voluntary torsion could be trainsd,

Using a visual bicfeedback technigue 3 subjects (2 normals, 1 unilateral inter-
mittant exotrope) were trained to make accurate voluntary tonic cycloversions
up to 26.5 degrees in magnicude. Tonic cycloversions were defined as cyclo-
versions which cculd be sustained for a 5 second duration. '

Two subjects (1 normal, 1 unilateral intermittant exotrope) were further trainzd
to nake dynamic cycloversions up to 30 degrees in magnitude. Similar to
voluntary herizontal versions the voluntary cycloversional slow pursuit of a
(rotating) object increased with the amount of visual feedback. Subjects?
abilities to perform voluntary cyclotorsional saccadic tracking of rotating
stimuli further demonstrated dynamic cycloversions, Cyclotorsional saccadic
magnitude vs, peak velocity relationships corresponded to those of horizontal
saccades, ' :

Towards the end of training subjects were able to rake voluntary cycloversions
in the absznce of any visual stimulus, 1In all tests where rotating visual
stimuli were used voluntary cycloversions were not found to be significantly
visually induced. -All voluntary cycloversions were shown to be pure cyclo-
versions around the visual axes.

In summary, these results suggest that existing slow pursuit and saccadic
systems control trained voluntary cycloversions. 1 propose that in making
voluntary cycloversions, the visuomotor system, theoretically, utilizes
primitive slow phase and fast flicks from the phylogenctically old vestibulo-
ocular motor reflex apparatus in a manner similar to the way the voluntary
horizontal and vertical slow pursuit versional eye movement system utilizas
this control apparatus. It is possible that this type of visuomotor reorgani-
zation may not be limited te just the new voluntary cycloversional eve move-
ments reported in this thesis. o
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ABSTRACT

Torsion is defined as any rotation around the Visual

axis of the eye. Researchers who have reported tor81ona1 . E-—
eye movements found that these movementq were controlled i
reflexively,~as in the counter—rolling of the eyes during |
lateral head tilt, or were baeically»viSually induced, |
as in large.field rotary?nystegmus, >Ocular torsion-com—
pletely under voluntary control has never been reported
| During preliminary research I found some 1nd1v1duals
who oons1stent1y demonstrated large tors1ona1 response
| Variability. These subjectsffelt that they may have had -
sporadic voluntary oontrol of their torsion. In addition,
I have believed for some time that the human oculomotor
sy s tem 15 more plastic than the existing literature
Suggests.v‘l hypothesized that 1if adeqnate stimdlus— rv _ po—— —
response conditions were employed voluntary'torsion could ' | N
be trained | ’ : ' o o (R

Three bubgects (2 normals, 1 unilateral-intermittent'
exotrope) were trained to»make accurate voluntary tonic
’ cyclotor vions up to a range of 26.5 degrees using a v1suwl
feedback technlque. Tonic cyclotorsions were defined
8.5 oyclotorsione‘which could‘be sustained for a five
second duration. | |

l Two subjects (1 normal, 1 unileteral intermittent

exotrope) were further trained to make voluntary dynamic

ix
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cyclotors 1ope up to a range of 30 degreeu._'The amount of

voluntary cyclotorsienal slow pursuit of a (rotating)
object increased with the amount of visual feedbecki

similar to voluntary horlzontal slow pursuit of an obJect

VIn the extreme feedback condition where there ‘was an absence . ;
of any visuallstimulus, subjects demonstrated a series
-of>torsiona1 saccadic movements with Virtually no slow. ..
compoﬁents. These results are similar to the horlzontal
" saccades often found durlng attompted puroult in the absence o ':*‘*ﬂf
of a hOrizontally moving stimulus.

Sﬁbjects were aleo able to pefferm voluntary cyclo-
torsional saccadic traeking'of rotating stimuli. Cyclotor-
sional éaccadic magnitude vs. peak velocity relationships
ecorre>pond :d to those ef horizontal saccades.

Voluntary cyciotorsionsvwere found.not to have signi-
'ficanf visually induced components. in control studies where _ T B
subjects Were required to relax and observe the rotating | | -
’ visual stimuli used in the aforementioned pufsuit and tracking : '!;4——2
tests.

| Ail Vbluntary CYClotoreions reported here were shown.
to be pure cycloversions occurring around the visual axes,
veﬁen though only monocular visual stimuli (when occurring
at all) were hsed. j ’_ : , o

- These results suggest that existing slow pursuit and

saccadic systems control trained voluntary cycloversions.

I prbpose that in making voluntary cycloversions, the




visuomotor system utilizes the primitive slow phase and
fast flicks from the phylogenetically old vestibulo-

ocular motor reflex apparatus in a manner similar to the

way the voluntary horizontal and vertical slow pursuit
versional eye movement systems utilize this control : : S =

apparatus.
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SECTION I. "TONIC CYCLOVERSION

Introduction

In vision reseerch eye movements are usually
deflned by their horizontal and vertlcal compo-
nents. Under certain stimulus eondltlons researcheis
have reported a third compenent, cyclofotefions_
(cyclotorsions)-around.the'visﬁai'axis-of the eye.

| Ihvoluntary cyclotorsions have been stated to
‘occur during vergence (Hering, 1868; Dondefs, 1876;
Landolt, 1876; Allen, 1954;.A11en and Carter, 1967),'

and during lateral head tilt (Davies and Merton,

“1957; Miller, 1962; Colenbrander, 1963; Belcher, 1964;

Petron and Zenkin, 1973). Cyclotorsional'movements
have also been reported.to be basically visually
induced by large field stimuli (25-50 degs.). These

movements‘include optokinetic Cyclotorsion (Brecher,

1934' Kertesz, 1969; Crene 1975), fusional cyclovergence

(Crone and Eberhard-Halm, 1975), and tonic cyclo—
versions (Crone 1975),

Torsional eye movements have never been reported

“to be completely’under‘volunteﬁz control. 1In agreement

s
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are vision research texts by such authois as Ogle | ' SR —
- (1964), Howard and Templeton'(1966) and Adler (1975)‘

whiCh:state that‘voluntary torsional control does not _ Fe

occur. ; : - S o o
In’our 1aborafory'using subjéctive afterimage/ - T
: real-line matchihg féchniqueé, we -have found that | M
durihg Version.moveméhts ”normal”bsubjects afe usually L
‘  in sﬁbétantial agreement.with'Listing's Law (Nakayama:
.and Baiiiet) (1976)*). We have found, howeVér, large o I
torsional deviations from Listihg's.Law in strabismus
"patiehts, and to a'lééser extent in a few'normal |
'obsefvers (Nakayama, 1975). Sbmé of these individuals
fvdeménstrated cunsistently.large'torSional‘reSponse
variability ranging up to 2-3 degrees only in spécifié
. 'versional gaie positions._ These results are hot con-
‘Hf-siStent with Listing's Law and our other data where
' 'torsiona1 Variability waslless fhan10.7vdegrees. ' | - ' e —
' ﬁpon questiohing,»somé subjects said they felt that -" ' it
hffof.Cerfain‘gaze,positions they may héye'béen Sporadically

controlling their torsion by some unknown voluntary

% In simplified form, Listing's Law quantitatively -
- specifies that for every versional gaze position =~ =
"there exists only one orientation of the globe.
~in the head. ' , :




mechanism. In light of the aforeméntioned‘research
this statémént did not make sensé. However, 1 haﬁe
felt for a'iong timé that the plasticity of the'human_
ocﬁlomotor system has not been‘adequately expldred,

1 hypothesized that if adequaﬁe stimulusfrespohée coﬁ—
.ditions were ‘employed vdluntariiy controlled cyclo-
torsioﬁal eye movements could be tfainedj If success-~
ful I woﬁld'be Substantiatihg a'new eye mbvement of
major Significancevin the study‘of human cyclétorsion

and oculomotor plasticity.

. Method -

Subject M.N. (age 31) was a unilateral intermittent
. i.exolrope (left eye -~ 30 degreeS); Normally, he ailowed
his exotropia_to bé manifest. He'had,'otherwise, normal
sféreoPSis; eye movements, and corrected acuity. M.N.

~ was selected because of his extremely high motivation

‘and his repeated demonstration of large torsional response

Vériability (about 3.0 degrees) when fested for Listing's
Laﬁl(see lntroduction); ‘As my first subject, he was
--éeparately trained and‘tésted 6ver a period of 13 months
for five hours:per week. Working c¢losely with M.N.

I used various ffaining techniques in order té find
.adequate stimuli which would aliow him to make voiuntary'

cyclotorsional responses.




When M.N. had reached a level of pérformanée»which
appeared asymbtotic, twoinormal subjects, R.B. (author;
age 30)Hand C.H. (age 26) wére chosen because they were
_”highly.motivated; These two subjects had normal stere-
-opsis,/eye movements, and normallor corrected normal
acuity.  Cohtact’lehées weré Worn by C.H. Both subjects
-~ were trained and tested over a period of two months using
"~ the procedures evoiﬁed during the training of M.N; Before
' tfaining, C.H. and R.B. could maké iny uncontrolled spor-
adic cyclotoréioﬁs of + 0.7 dégree.. This figure‘is the

-~ noise of our subjective measurements.

Training and Testing Procedure

Many different training procedures were used‘with M.N.

I will ré?ort'only upén the.final visual féedback méthod

' used'most Successfully with M.N. and exclusively with
o subjeéfst.H. and R.B. In general the following proce-
'dureé were conducted dﬁring both tfaining and testing.‘

| Dﬁriﬁg visuél féedback traiﬁing»the‘sﬁbject.was
-1sea£éd_in a‘dark room with one eye océlﬁded. »Head move--
| meﬁt:waé’fixed to wifhin 6 min. arc. by a full mQuth
.impreséipn bite.plate (see Ditchburn, 1973, regafding the

_acdﬁracy of this téchnique), so that the fixating eye was

looking at a fixation point and/or line stimulus in approx-

_:imatély pfimary position. "(For subject M.N. his eXotropic

‘eye was occluded while he fixated with his non-strabismic

I PSR AR




eye).  The subject.was'required-te givefto his fixaﬁing

eye a single 11 degree by 15 min. veftical afterimagev'. . - I

inducing flash (3 degree-X“15 mln..aﬁd 26 degree x l5zminQ

stimuli were also ﬁSedvforeM.N.). The afterimage was
_éenerated'by aApartielly oeeluded Honeywell Strobar flash -
unit; flash duration 9’1;bﬁmeec;vat 30 cm. distance. The'
'aﬁteriﬁage fepfesenfed.to the subject'his eye pesition.

By horizontally slidlngAthe bite plate mechanism, the sub-
lject then.iﬁaﬂed'fhiS~afterimage pafallel te'a verfical S o
luminous real- llne of . equdl Vlsual angle which was v1ewed
~at 100 cm dlstance in. prlmary p081t10n (Fig. 1; #1).

The real llne was a partlally occluded "white'" 110 volt .
G.E. luminescent panel. It WaS'bisected byva 15 min. cir-
cﬁlar black fixation point.:iTovpreven# vi ua] ‘suppression
. of the lines by one another a Variac wes used so that the

- subject could control ﬁhe»real—line's-intensity over a R ; —
range of_Ol;bz;vat. lamb{‘tHe alse'eontrolled a servo- |
: mOter system.Which alloﬁedladjuéfment.ef'the real;llﬁets - -
vlateral angle-of tilt. Thiseangle of tilf could be obsefved

"by'the subject direetly aﬁd/er by a digitdl Qoltmeter-(DLV.M.)
A'feédout - The D V.M. had an accuracy of £ 1 m1n ‘Tﬁe

subject was 1nstructed to keep his afterlmage matched ’ S —
parallel only by cyclorotatlng his eye(s) to the real—line_* ‘_ ' f
Wthh he progress1ve1y rotated ‘more and more (left. or :

rlght) from the vertlcal (ans 1; #2 #3). Usually 20 mln

arc. 1ncrements were ueed .No 1nstruct10ns were given as




nasre 4

_to what'type of eye movement was to be used to get to

phis position, e. g. slow pursuit, saccades, nystagmus,

etc. . Such matches which could be sabJectlvely held for

a mlnlmum duration of five seconds were deflned as sub-.
 Ject1Ve1y measured . tonzc cyclotor81ons All-tralnlng and
-'_ testlng measures of subjective tonic torsion were relatlve
' to a plumbeo vertlcal afterlmage/rcal -line match. Subjects

_ :were-encouraged to train equally in both incyclo and
iexcyolo?fbrsioﬁaljdiiedtions; Subjects frained usually

at the rate of one hour per day.

" Subjective Testing Measurement

As durlng Lralnlnu, afterimage/real-line matches which
oould be'subgeotlvely held for 5 seconds were defined as

subjectively measured tonic cyclotorsions.

- ObJectlve Testlng Measurement

ObJectlve measures of tonic torsion were obfalned

"‘from photographs taken with a 35 mm Nikon F-2 motor drive
’;_camera withAlenses‘and bellows attachments equivalent to
'a lens with a focal length of 400 mm. Two Vivitar 292

'..stfobe_flash units provided illumination. Photos were

takeh-at 100 cm distance by means'of’a first surface

~m1rror mounted at 30- cm dlstance in front of the subject
".,at a. 45 degree-angle, S0 pos1t10ned to be 5. O degrees off

s'the subject's ﬁrimary Vlsual axis. Subgect.lmage ratlo-

was 1:1. AThe camera was aotuated_by the subject while he




simultaneously.held éﬁbjeefively determined tonic o§0104
torsional matches. Present in all’ photographs was a
vertical statlonary reference marker Wthh could be read'
to 0.03 mm (10 min. aro.). -The_marker was mounted next

to the_eye in the»camera's.focal plaﬁe andAwas placed |
in exact.position by an_XYZ,microscope stage and bubble

- 1eve1ing system. During phoio"raphlc ana1y51s slldes
were magnlfled 12 times in 81ze by a Kodak Auto Focus
Carousel projector. The 1mage was rear prOJected onto

a horizontal table screen made of transluceht ”white“
Mylar | Landmarks used‘in-measuremeat were fwo limbal-
scleral blood vessel Junctlons which bordered the‘
dlameter of the 1135 and approx1matery bisected the pup11
iThe orientation of a llne formed between these two p01nts_
‘ reiatiVe to the»statioaary Vertical marker was used |

‘1n determining obgectlve cyclotor31on lFigl ? il]usﬁratéq
an example of thls technlque show1ng a 20 degree voluntary

cyclotors1ona1 dlfference'between»the two photograpns.

All photographlc cyclotor81ona1 measurements were deflned

relative teo the average eye p081t10n at a vertlcal SUbJeC—
tlve'afterlmage/realnllne match (O.degrees) TGrSJOnal
meaeurements were repeatable to within +4. min. arc.
Hornzontal vertlcal eye movements were obtalned by com-
paring the oenter of the pupll to small corneal reflex:
marks;'aSSuming aﬁ average corﬁeal'radiusrof_lz mmg.
These meaeurements-were_repeatable to within i'lolmin.

sarc.




~the right eye are'plotted.using small symbols. These
‘are maximum tonic torsional ranges (mean of ‘8 measures)

-which can be held for a 5-second duration.i The three

'subjective_aﬁd objective torsion testing results,cah be

Results

Experiment 1(a):  The Training of Voluntary Tonic Cyclo-

torsion , : o o e

Fig.'3 showS the trainihg of voluntary tonic torsion S i

for subjects C.H. and R.B. Hours of training at 1 hr/day

vs. the total range of subjectively measured torsion for

‘large squares and the one large circle show simultaneous s

objective méasurements_(eachbistthe mean of 8 measures).
Subject C.H. produced up to 26.5 degrees (12.0 degrees

incyelo, 14.5 degrees excyclo) of tonic torsion in'approx~

-mately 30 hours. Subjecf:RiB, produced about 20 degrees

of tonic torsion (9.0 degreesiincyclb, 11.0 degrees excyclo). ‘ "ifg—f*f

in approximately 25 houism "Both subjects showed about - [ B

aﬁ'O;S’degfee/hOurvtraining rate. Good agreement,betwéen o _-" I

..Seen. ‘Not shown, éubject M.N. had a fihal'objectiVely

"measured tonic torsional range of approximately 20 degrees

(10.0 degrees incyclo, 10.0 degrees excyclo). His training

results are not shown because of differing procedures

used in his training over a,périod of 13 MOnths_(as des-

cribéd-in_Subjécts-sectiqn),‘ ,

The torsional ranges reported should not be considered




maximal. With fuftherfexﬁefimenfation of about 10 hours
of»voluntary gynamic torsion (not reperted here) the‘
objecti&ely meéspred'rahgee of'C;H;»aﬂd M.N. increaSed te'
27 and 30 degrees, ‘respectively ~ Even atvthjs peinfbthe
subgecte felt that these flgures were conservatlve and
that they were not near thelr peak voluntary tor81ona1

“capabllltnes

Experiment 1(b): The Accuracy ofHSubjective‘Tonic‘Tofsieﬁb
Howard and EVans (1963). and Howard and'TempietOn'(1966)
stated that the method of-ﬁsing Subjectivelafterimages

- to measure torsion requlred much practlce and that such

: methods had not been adequately Vaildatea>aga1nst obgectivee~

measures of torsion.i They estimated that subjective
Afterimage matches wefe unlikely to be-accuréte to more
than one degfee Recently, Flurr (1975), in a studﬁ which
'compared the subJectlve and- obJectlve record1ng of ocular
counternrolllng as a result_of head tllt, found obgectlve'
'measures varied over é range of 0-3.0 degrees,.Whereas::
_stbgectlve error was 3.0 to 10 0 degrees Crene gnd
VEberharemHalm (1975),_on the other hand, feuhd close cor- k

_ respondehce when theY'objectified'their Subjectivee

measures of fusional-eyclovergence Typically, a standard

dev1atnon of O 2 degree was found for thelr oLJectlve
measures-whlch was even a‘lxttle greater than_thelr sub—_'
jectively measured torsion. ‘Because the careful analysis-

of phetographs is a'slow; arduous process,rall the visual
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feedback;training (aé described in Tfaining Procedures)
uéed sUbjective afterimage/real—line matches in order to-
immediately monifor cyciotorsion. I was, thefefore, con~,.
cerned about my subjective measures, particuiar1y in: light
of the fact that making voluntary cyclotorsions can be a
very diffiéult task (to be descfibed 1ater).; It could be
‘predicted that subjecfiVeAforSibnal resbonsés mighf over-
4bestimate actual objectively measured toréion.~ As it
>turned out,.my'concern was not unfounded, but happily it
wasvdétermined_not to be of major consequence.

In order to make an assessment of the accuracy of the
subjecte' subjective tbﬁic voiﬁntary‘torsiénal response
f'meagures, a series of photographs was taken at thé termin—
ation of testing fqr all subjects. Agreement between
objective méasufes of eye~rotatibn and subjective tonic
torsional matches was usually quite good. In Figs.'4,»

' S'Qnd.G subjective vs. Objective torsion is'plofted fdr
diffefent ﬁestiﬁg times and conditions for the fiéating
eyes (right) of éubjects R.B., C.H. and M.N. fesbectively.'
‘Each data point:is the mean of 4-10 trials; the error

bars représent standard deviations. The diagonal 1iﬁes‘
-vthat>are drawn in represént perfect éubjective—objective

torsion matches.

Subject R.B;4Was tested only after 35 hours of training.

Fig. 4 shows near perfect agreeﬁent between his subjective

matches'and objective measures. He subjectively overesti-
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mated his tquiohal-matches by an avérage of 5 percent.
Subjecﬁ C.H. Was tested at the end of‘16, 25 and

35 hOuré.of training (Fig. 5). _She‘geherally sﬁowéd good

agreement between her subjective and objective measure-

ments, but tended to have relatively smaller amounts of

objectively measured torsion compared to subjectively

‘measured torsion in the incyclotorsional direction.

It should be noted that for all subjects this direction
was the most difficult throughout training and testing.

No reason could‘be determined for this finding. This

- problem led to far greater subjective overestimations in
‘this direction. Her average matching error for the end
of 16, 25 and 35 hours of training was equal to subjective’

overestimationsg of 19.6, 1.1 and 4.9 percent, respectively.

~ Crone and Eberhard-Halm (1975) have found that field

size is an important factor in the visual induction of"

_cYclotorsion. They reported that fusional cyclovergence

occurred when field sizes were 25 degrees in visual

-ahgle. They also reported, as have Kerteszvénd Jones.(1970),

.that fieldAsizeS of less than 10 degrees visually induced

1itt1e.or no fusional,cyqlovergence. I wished .to deter-

_ mine if different sized stimulus lines had differential

visual_induction effects on voluntary tonic cyclotorsion.
Subject M.N. was trained and tested after 13 months

of wvariable training (see Subjects) with three different

stimulus line sizes of 3 degrees, 11 degrees and"26'degrees




tive overestimations of 8.5, 13.3 and 10.3 percent,

'percent.' This bias'was_probably'due to the fact that there

‘as a total range, not as separate ranges of excyclo and

tary tonic torsion in these two directions were approxi-

12

(x 15_min; arc,). Fig. 6 Shows thesé test values. For

clarity the 3 and'26 degree stinmulus line data have been

displaced up and down, respectively, on the ordinate by

10 degrees. It can be seen that all test line sizes

produced similar results. No visual induction o ’ | -
effects are apparent. " The larger angle tonic torsional

positions in the incyclotorsion direction had, as with

_ C.H.; the worse accuracy. Total mean matching errors

for‘3, 11 and 26 degree test lines were equal to subjec-

~respecfive1y. : - i ‘f

Txperiment 2: ‘The Apparent Difficulty of Tonic Torsion

During final testing, observers subjectively over-

estimated their afterimage matches by an average of 6.9

is an effort factor in making voluntary tonic cyclotorsibns.
For example, difficulty can be defined to be inversely _ G

related to the duration which voluntary tonic torsion can

be held. Shown in Fig. 7 for R.B. is an average plot

of his estimate of difficulty compared to his subjectively
measured voluntary tonic ‘cyclotorsional range during
three different phases of-fraining. Similar relationsships T

exist for-the.bthér two subjects. Cyclotorsion was definedv

incyclo torsion. Throughout training the ranges of volun-

mately equivalent. Sixty seconds was found to be the average ‘=
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duration that R}B[_Coﬁid_mainfainia.yerticai afterimége/ ‘_
real-line matph Withoﬁt discdﬁforf.._This 10 perdent'level.
of difficulty was considered the miniﬁumAamount of diffi--
culty achieved With’préétice injorder to fixate the dfter-
image adjacent to theAreal;liné; Zero percent was equal
to the Subjéct's eyes beihg.C10sed. One hundred_percént
'waS'thé maximum fdnic toréioh that could be held fof
5 seconds. In pain and effort thisﬁis analogousuto any ‘
muscular-task which can be done for only 5 SGCOnds. |
Curve.(a;) répresents_the estimated mégnitude.of
difficulty at the end of the iﬁifial days of training at
5 hdurs..-The subject's‘range of torsion was 4.0 degrees;

but within this limited range the amount of effort increased
sharply from about 0.7 degreé-(the variability of subjective
measurements at fixation), so that virtually all voluntary

tonic torsional angles required 1argé amounts of effort.

Curve (b‘)'shows'thaf afterﬁa~tbta1”bf 35 ‘hours of training

td:eXténd his.Voluntafy éyélotorSionalArange.thevSubjédt
:¢ould cyciorététe-his eyéldver a:range of 20 degreeé.

- His overall amouhtﬂéf;difficﬁlty with the'taSk décféaSed:
.:tremendously; ‘For exampie,:at 4.0 degreés he then éxper—’
iencedgoﬁly‘abﬁﬁt 18 §erceht_difficulty compared-to 100 |
percént in curve'(a,).' fhis-same‘effect oqcurred éven
more when.he further practiced:within this same 20 degree
rangé‘for.aﬁ_afbitrarily.detéfminéd time of 10 more hQurs_i

(curve c.)). It should be aned that,during this time




he was not allowed to extend the limits of this cyclo-

torsional range. lt can bhe seen that all torsional

‘angles were easier and that 'he gained access of up to

6 degrees of virtually effortless cyclotorslon ‘which he

.'could hold for as long as he could flxate The dashed line
in (c.) 1ndlcates that the subgect s torsional range . .
uaS'extended‘to about 21 degreesq'

The p01n1 I wish to stress is that glven enough
time one can, through Lra*nlng, galn access o a lalge _ R s
" amount of "effortless" voluntary tonic cyclotorsion.
I belleve that the range of effortless voluntary torslon
-jcould become far in excess of the 6 degrees at which

1 arbltrarlly‘stopped.

Ixperiment 3: Test for Voluntary Cycloversion

- As previously stated, all training and testihg was
':couducted monocularly."The left eye was always occluded —
- in darkhess while the voluntary tonic cyclotorsion of

the fixating‘right eye was measured. .Of obvious concern aif
'fwas,howlmuch torsion was occurring in the occluded eye
ih}the'absence of its owh visual stimulusi Subjects felt
dmuscle tension in both eyes, lndicating that,borhdeyes
1 -l~' were probably mov1ng togethel During the-traihing‘of _ R

our three subjects we. photographed thelr left and right

o eyes_lndependently_on the same day. The left eye was in

A R

the dark with no visual stimulus while the right eye was




fixating on the-matching stimuli. ¥ig. 8'shows objectively
mea.sured voiuntary tonic torsion.of.the right eyé.fof a
specific sﬁbjective tonic torsion aftefimage/reﬁluiine
match. The ordinate shows—thé objectively,measured |
éyclotorsion of the left eye, photographedAwhi1e the-right
(fixating)-eye was'holding;an equiValent subjective match.
The diagonal line (slbpe équal to.l.O)'represents perfect
conjugacy. For all three sﬁbjects it cah be seen that the
1eft_eye;‘althoﬁgh oébluded,‘was conjugate wifh the right
fixafingbeye. (Not shown, the:slépe of & régressidn line
~fit to this daté is equal to 0.96.) Therefore, the
voluntary tonic'tprsiohs which I have trained monocularly

are, in fact, voluntary tonic cycloversions.

Experiment 4: Test for Pure-Wheel Rotations During

Voluntary Tonic Cycloversion:

I found upon further'analysis'of the photographs that

horizontal and vertical éyé movements of both eyes during

voluntary tonic cycloversions were usually within the varia-

-bility.of my: measurement technique, which was + 10 min. arc.

Adf 1500‘photographs, less than 10 peréent showed_horizdntal—
veftical_eye movements which were greater than this figﬁre,
Withlnone-of these greater,thanvi 30. min. These were
not.syStematically‘related~to torsional position and
'wére,usually diééonal in direction. This is ﬁhat would be

expected for the normal range for slow fixation drifts and
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Afiicks during'the fixation. of a .spot (Ditchbuypn, 1973;
Yérbus; 1967). Thus, at no time was tﬁere any ihdicé—
'tioh-pf-verticai movements. or vergence dﬁring Voluntary'
'_tonic cycloversidn.. Thése eye movemenﬁs are, therefore,
f.pQré-whéel rotationé, occurring around the visual axeé
of.the eyés. These results ére in opposition to arguménts

by Jampel (1875) who has stated that such movements

: ,are neurologically and structurally impossible.

Experiment 5: Control Test for Visual Induction of

Tonic Cyclotorsion

As mentiéned.in the introduction, torsion may bé
. visually induced simpiy by the static inclination of a
léréewfield (25:degrees) multiple lined stimulus (Crone,
1975).' I-hadvpreviouslyifouhd iﬁ Experiment.l(b)'that for
subject,M.N. stimuli of 3? 1i‘and'26 degrees.had no effect

':in either subjéctivély-or objectiVely measuréd tbfsioﬁ'
'”:'(Fig; 6). I had also noted that throughout training“andr
tésting'ali voluntary torsions required an amount of will-
’ffui_musbular effort which was judged by all subjects as
inﬁérséiy fe1atedbto'the.amount of voluntary.torsion
'meésﬁred’(Fig.-7). I was thus convinced fhat these
'ﬁeééufements wae.ofﬂ“v01untary” torsion. ,To find but_just
'hdwjmuch toféioh the'standard 11;degrée.x 15,miﬁw,arc. line
 Sfimu1us.did'viSuéI1y indupé, I fén a_special test of induc-

tion. after all torsion training had been completed. Subjects

I N RSP
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were instructed to relax and'Simply look'for 30 seconds

at only the real line Wthh was held at d1¢ferent

: flxed lateral angles 1n space -Th1s was'done both

S0

with and.w1thout the usual Verticai afterimage line. . At
the end of the 30 seconds photogranhs of the right R _;75
(flxatlng) eye were taken in order to obJectlvely measure‘ ;
any v1sua11v 1nduced Lors1on " The time. interval of 30
seconds was comparable to.the 1ongest‘time required to .
obtainda voluntary torsion afferimage/realfline match.

The same results were found whether or'notfthe‘subject

had aniafterimage. Tne results of these tno conditions : s."?
haye been summarizedA(Eig; 9). ‘The tiltvof the real-line

R vs. objectively measured torsion is shown for all three:

',subjects,_ For clarity, thne cnrves for M.N. and C.H; have

" been displaced, re spectiVely;'up and d0wn on the ordinate

by 3 degrees. Means and standard dev1at10ns are plotted - s
'Only'R.B. shows a trend in the direction of v1sually . : _fi"'
induced tors1on i.e. (1) a clockw1se rotation of the" e‘.f ",' A' -
'Astlmulus would v1sua]1y 1nduce excyclotors1on o | |
(2) a counierclockw1se rotatlon of the otlmu]us would

:quually 1nduce 1ncyclotors1on d»R.B. shows a magnltude

of response whlch never exceeded 0. 75 degree 'This‘is

a relatlv 1y 1ns1gn1flcant 7-8 percent of the tor81onal s

response shown previously for R.B. 1n Flg. 4.
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Discussion

I have been successful in showing.that thé.human

oculomotor system is sufficiently plastic that it may be -

trained to make, with good accuracy, voluntaryitonic cyclo-

torsionS‘up_to a magnitude of 26.5 degrees. Using the

methods described in- this .paper, trainingwoccurredvaﬁ about

1 degree/hour. I have also demonstrated that these tor~' 

sions are pure cycloversions which are uncontaminated by

vertical or horizontal (vergence) movements., These

. voluntary torsions have no significant visually "induced'

components. As discussed in the introduction, this:
- new eye movement is in opposition to past reports

-1that man cannot make voluntary cyclotorsions. OCne may

ask —~- Why has it taken so long to demonstrate that the -

human_oculomotor system has the ability to make volun-
_tarilyvcontrolled,l@rge*angle Cycloversiohs?

 In answer to this, I should like to mention that in
_the initial stages of this experimentation, while I was
ﬁryingAto‘find thimai fraining technigues with M.N., I
Awas a1so trying to;train voluntary cyclotorsion with th
éther normal subjectsi untillnow not mentioned. 'During
‘the se#eral ménths of thié experimentation, only M.N. was
- motivated to éndﬁre this pfeliminary work.>AAfter four :
' months'the other two subjecté became despondent and gave

up because they could not initiate objectively measured

EINEN S 438
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torsion greater'than + 1.0 degree. . without the perseverance
of M.N. there is 1itt1e doubt that I Would nbt have con-
tinuéd this reséarch. ﬁowever, oncé é ééémingiy optimaii
stimulus response baradigm was feachéd with MrN. I was
‘able to train Without failure the other normal subjects
reporfed ubonqhére. I was happy to find'that the normals
cduld, in fact, do this task as weli as the unilateral
- intermitteht exotrope; M.N. With my currenﬁ trainiﬁg
.techniques-I can-probabiy_train anyone ‘to make tonic
volunfary cycloversions.: - The émountvof.véluntary tonic
'torsioh‘is dependent only upoh the}individual's time and
vmotivéticn. ~ o |

It should be noted ﬁhat the training of voluntary
forsion requireg a tolerance for extreme concentration
and physiéal discomfort.in addition to the'muscle tension
mentioned inyExperiméﬁt 2¢ All subjects experienced af
' one time or another headeody rolling and'cquntér—roiiing,'
sto@ach naﬁsea,.headaches and/or very rapid body fatigue.
'In regard.to céncentfation, éﬁbjécts agreed.that in order
to maké>éyélqtdrsioné nothing could enter their miﬁds but
théilogic that their afterimage (eye) could be'rotéted
 without the rotation of their heads. DParticularly during
inifial'trainiﬁg}subjects kebt trying to rotate their
afterimageS‘to'fﬁé reai?line by turning theif‘heads.- It
VwasAfouﬁdvto be.very difficult to inhibit thiS-”reflexV;

For instance, the full mouth bite plate allows a maximum
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head rotation around the visual axis of 6 min. arc. (Ditch-
‘burn, 1973). Because of this and the fact that the plates
were made of a hard, brittle compound, many were broken.

For example, about 12 bite plates were made for R.B. One

day the bite plate did not:break; instead;'R.B. cracked
hié lower feér molar. 'After R.B. finally concedéd‘to
himself thét he could fotate his eye without rotating

. his head there were no further problems bf this sort.
Onvthé~ofher’hand;'once Subjeoté-dcéuire control'o§er'_" : '_ B S —
about 20 deéfees of torsion the amount of efforf_wifhin
‘that 20 degrees is comparatively low (Fig. 7). At this
point, with the eXceptidn of the sensationvof head-body
'xotation, the'ab0ve "Symptoms",diSabbear and the'voluﬁtary
'cyclorotation’of one's_eyes can actually become uniqueiy
enjoyableé | | | |

| . Neér ﬁhevtime of completion of this studyrl translated ' =
thé classic 1929 paper by4Noji'whiéh has been referencéd
vbvaoward and Evans (1963) and Ogle (1964) as . one of the -- 5;:::::
.'firsf stﬁdies indicating the:presence of the reflexive’§isual
"induction“'of eye torsion. Noji studied only one sub—‘

jeét'(himself). Noji's technique for the visual‘"induction”

- of eye torsion invoived his very gradual tilt of an ’ -
objéetive visual line 14 dégrees in ‘visual angle on which ' grw

he projected an'afterimage line-of_approximately equal

size (subjective matching technique). He had to use a

considerable amount of effort and practice. Only'after a
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minimum. of five'cqntinﬁoﬁé.daYé of 'exercise" Was»he
able'to make cyclo&eréiéns 6Véf a tdfal rangé.of about

15 degreeSX' itiis diffiéult to:éay Whether the tilt - |

- of the-objective'line.brithe preSeﬁce of the afterimage
cbupled»with training'wasithe Cruciai factor in pfoducing
Neji's eye torsion. -From'my‘work i hypothesize that |
Noji did not visually ”induCe”'fofsion,_but probably
trained himself to make the first voluntary cyclotorsional
'eyé movements. If I amAcorpéét}:thé_bresent reseérch
would be yet another eXample of_a phenomehbn in'science

not being discovered, but'rather'rediséovered,
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SECTION II.  DYNAMIC CYCLOVERSION

) Introduction
In Section I bf.thisvthésis I have substantiated a new
class of eye movements. Humans were trained to make non—

visually induced Voluntafy tonic cycloversions (cyclo-

torsions). up to 26.5 degrees. During the experiment sﬁbjeétsf .

heads:were held rigid by a full mouth bite,blate. One eye
 was occluded: USing the'dther'éye they weré”requifed to"
make a parallél match of a_single 11vdeg. x 15 min._verti—
cal afterimége induéing fiaéh to an-equaily sized verticél
1umiﬁbUs real-line., The'sﬁbjecf was instructed to kéep his
afteriﬁage matched parallel to the real—line,b& cyclorotating
'his’eye(s) to the real»line(ﬁhiéﬁ he»progréssively tiited
'moferand more (left or right) from the:Vertical. With
Vpractice, subjecté:cbuid makg énvqluntéry tonic‘cyélo—
to?sional @ﬁtch ét anyApoiht withinufheir trained cyclo-
';torsional rangé. Subjectiﬁe'maféhes were defined:asAtonic'
_if they could be»held for a fiveesecond_duration. Becahsev—
~of a_certain_amount bf_ﬂéffort”_involved,with.the task}
 éub3éctive maicpes weré.found to be ovérestimatiqné-by
an average of 6.9 pércenﬁ whéﬁ cbmpared to bbjectivé
measufemenfé;:eof'majéf-impdrtance is the fact that instfuc{A
tions.wérelnot'giveﬁ'és to'theftpr'Of Qgggmig 'Cyclofor—
sionalﬂeye‘moéemenfs'WhiCh wére,to'bé.used to.attéin7this' 

tonic cyclotorsional control..

R o NS R
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I was interested infwhat'tYpe'of VOluntarv dynamic
eye movements had become acceesnble durlng the training
of these voluntary tonlc cyclotorolons With further -

tralnlng and testlng I w1shed to determlne if humans

were capable of (1) cyclotor31onalxpursu1t of objects and

(2) eyclotorsional saccadicbtrackiﬁg of objects Also of

interest was the type of eye movements made during
(3) dynamlc cyclotorsion in the absence of any stimulus.

-If~subjects could make these'voluhtary dynamic cyclo-

torsionalbeye‘movements'it would be of intéerest to compare

these responses to ”normal”vhoriZonta]~vertical eye move-

ments. The SImllarltles and dlfferences between tbese

vo’uﬂtarv eye movements would Iurther our underetandlng of

the control mechanisms underlylng the human potential to

make voluntary cycloversions, a response which had previously

’been-cbnsidered_to be impossible'(lee,'1964; Howard and

Templeton,-1966;-Adler,'1975){

‘Method

;SubJects
Two subgects M.N. and C.H.,'Were tested. These

Subjects had previouslycbeen.tréined to make voluntary

tonic cyclotofSions-of 20 and 26. 5 degreeS»reSpectively}

Subject:C;H, had normal_stereop51s eye movements ana

corrected'aculty SubJe t M, N had a left 1nterm1ttent
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exotropia of 30 degrees; he otherwise had normal stereopsis,

eye»movements and corrected aculty Normally, he allcwed
his exotropla to be manlfest _ Because the obJectlve photo~
graphlc measurements‘requlred that the radial iris markings

of the eye be used as landmarks, subjects were required

to make all test determinaticns'without optical aids.

The uncorrected near acuity for the right eye of M.N.

and C.H. was, reSpectively,nequal to 20/45 and 20/100.

Neither subject:had'appreciable astigmatism.

General Training and Testing Procedure

. The subject was seated in an illuminated room with his

6. min by a full mouth bite plate

head Tixed to within %
(Ditchburn, 1973). With the excentlon of test 3, a1l

training and testing was done‘monocularly; ‘The left eye

_ was occluded.- The-right_eye,Viewed'a fixation point and/

'or other stlmull in approxlmately primary position.

The subJevt gave to hlS fixating eye. 8 consecutlve

'11 deg X 36 mln vertlcal 1nduclng flashes in order to

iorm a 81ng1e afterlmage of the same s14e. ThlS number

“of Ilashes was necessary to insure that thc afrerlmage
' pers1sted under the floodllght 111um1nat10n requlred to

take motion plctures. ThlS afterlmage was generated by

a partialiy occluded.Honeywell Strobar flash unit; flash
durafion'S'i.O msec.jat-SO em distance. The afterlmage

represented tO’the“SubjeCt his eye position. A hori-
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zontélly’éliﬁihg bite.plate mechaniém allowed the-subjecf
to then image this afterlmage parallel to a vertical black
real 11ne of equal v1sua1 angle which was v1ewed in space
in pr1mary,pos1t10n at 100 cm-dlstanCe. A matte white

40 degree field of 100 ft. Lamb. surrounded all presented
stimuli. The reél—line's iateral angle of tilt was deter-
mined by a servomotor system which was controlled by a
signal'generatqr.' A digital voltmeter gave a-constaﬁt
réaddut of the real-line's tilt to an accuracy of #1.0
min. arc. During training‘and'teSting, the real~line was

: programmed w1th varlous wave forms of Varang duratzons

Uging a visual f@edback techn:quc the subJect was instructed

to constantly keep his aiterlmagm matched parallel to the

feal-line_by only cyclorotating his eye(s) regardless of

" the real-line's orientation.

. Thé;subjeét's ability to make saccadic trécking and
>siow pursuit could be evaluated by using step or rampbwavem
forms of differing émplitude and duration. _In addition,
| if:the_subject was instrﬁcted to rotate bniy his after-
image Without any real-line pursuit stimulus or to try to
voiuntarily cyclorotate his eye while_only.looking at a
fixation pdint, we couid examine the relative ability to
make slow pursuit cyclotorsions given different amounts
~of visual pursult feedback information. ﬂ

- The training of dynamlc cyclotorqlon was comple*ed

- after about five sessions of two hours/day. On the
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fifst day‘stimulus.parametérs were determined. The
following four.seSSions consisted of the training‘of
appfopriate responses. The subjects'_éssessmenfs 6f
their responses were made using afterimage/real—liﬁe
matches as immediate'feedbaék indicatoré_to géuge coﬁtrol
of_voluntary dynamic cyclbtorsion.' Subjects agreed that
this amount of time was sufficient to'achire the neces-

- osary respounses.

Testing Analysis

" Measures of dynamic tdrsioﬁ were made from photographs
ntaken'With a 16mm Bolex_H16 reflexive movie camera
‘running at_either 64 frames/seg during saccadic‘tracking
testing cr 24 ffameé/sec during slow pursuit testing.

A 150 mm 95 Angeniet zocom lené and 30 mm of extension
tubes were required to obtainra-sﬁbject:image_ratio of
'1;1,for'thefright éyé. MoviesVWefé’téken at 30 cm dis;
tance by méans of a first surfacé ﬁirror in front of fhe

" subject at a 45 degrée angle, placed 5.0 degfees.off the
»“ubjectfs'primary pupillafy~éxis. Two Cbldf'Tran 650
Qgﬁt fldéd lights at 100 cm distance provided the constant
_ilfumination required. All photographs ingludéd a sta-
tionary veréical refefeﬁce~marker which could be read to
0.03 mm (10 min. arc.). The marker was mounted next to -
 Subject's fighﬁ éye in the focal plane and was placed

iﬁ_position by a bubble level and XYZ micrbscopeAstage.
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During photographic analysis each frame was individually
medsured fof cyélotpfsion as weli as horizontal énd ver-
tical mbveﬁents. Overblo,OOO frames-of £ilm were analyzed.
A 186 mm L.W. single frame motion’pictufe projector magni;'
fied each frame 10 times in size. Using a syétem of first
surface mirrOrs this image wasnfeaf prdjected onto a
hofizontal table screen made of translucént "white"

Mylar. Torsional movementé.éf the eye.ﬁere meaéured
uSing the terminaﬁion pointS'(near the 1imbus§ of the tﬁo
radial iris mérkings which were approximately adjadent
_to the center of the pupil. The ofientatipn of a line
formed betWeen these two pdints reiativé td the stationary
vertical marker was used in determining objeetive cyclo-
torsicn. A1l phofographic cyclotorsional measureménts'v
‘were défined relafive to the average eye position at a
"Vertical tonic éubjectivé aftérimage/real#line match
(0 degrees).. Torsioﬁal meaéurements Wére-repeatable.td -
withiﬁ + 67min.Aarc. .HoriZOntal—vertical movements were
:obtained by éomparing the cenfer of the pupil to two small
¢orhea1.reflex marks ésSuming an average corneal radius
bf;i2 mm. These méasurements wefe'repeatable to'within»
-fblo min. arc. Attenfioﬁ was not-giveﬁ to recording
accuraté lateﬁcies becaﬁselof apparent ahticipatory res-

ponses.
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Results

Experimentﬂl(a): Voluntary Cyclotorsidnal Slow Pursuit:

Complete Viéual Feedback

It was determined from the subjective pretest measure-

ments of M.N. and C.H. that if the real-line was pro-
grammed to rbtate with a ramp function of 1.6 degs./éec.
for 10 seconds (16 degrees) (Fig. 10) it could be pursued
with the subject's afterimage. -Higher and lower VélOCity
targets were mofe difficulty to fqllow; The excyclotor-
sional real-line stimulus'for‘subjéct M.N. (right eye)
rotated clockwise from'—8,degrees_through vertical to

U+8 degrees. Incyclotorsional real-line stimulus rOtafion;
(right eve) was used by subject C.H. Subjects M.N. and
C.H.'é test results afe éhownvin Figs. 11 gnd 12. Time
vs. relative torsional magnitude are plotted.  The re1a¥
tive pufsuit ramp stimulus is drawn in for comparison.
Traceé éreAnumbered.in the order taken. It can be seen
b_thaf.both subjects demonstratéd slow’voluntary cyclotqr;
_Siohal pursuit movements, Fbr‘M.N. traces #3 and #4
aﬁq-for C.H. tréce #2 are particﬁlarly accurate. Inter-
mixed With these were‘sméll corrective saccades. Close
approximationé to the~dctua1 target velocity were uSuallyl
maintained. Tbese pursuitfreSponses appear‘to be similér
.tobthbse féuhd-fér'the normal puréuit of horizontally
_of*ﬁértiéally slowly moving objects (Ditéhburn, 1973;

Steinman, et. al., 1969, Yarbus, 1967). During the tor-
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sional saccadic components both subjects sometimes demon-
strated_what_gppear-to be long, slow drifts of glissadic

overshoots as well as some small dynamic overshoots (see 5

Bahill, Clark, Stark, 1975a).

Experiment .1(b): Voluntary Cyclotorsional Slow Pursuit:

Partial Visual Feedback

Subjécts M.N. and CjH, were then askédvto attempt the
same slow pursuit movemenfs as in Experiment i(a)'(e.g,
16 degrees at l.é'degs./sec.), but without'the visual
~feedback of thé>real—line.. Subjects were only allowed
an afterimage and a black 36 min. fixatidn point on a
40 degree Whitevsﬁrround. The subject was directed tp
voluntarily cyclorotate the center of his afterimage around
the‘fixatién point whileﬂtrying fo imagineAthe real-line.
Figs} 13 and 14 show the test results for subjects M.N;_

.and CQH.l Time versus re}ative torsional magnitude are
plottéd. Subjects demonstrated less slow smooth movements

4.witﬁ.more saécédes. Some dynamic and slow_saécadic over-

, SEobtsfcan‘be seen. Subjectsbélso tended to make torsionall
méyéments which‘were far greater than 16 degrees:. Maximum
dynamié Volqntaryltorsioﬁal magnitude of this type of |
pursuit stimuius was éS degrees for C.H. and 30 degrees

~ for M.N. It is.notable that C.H. was able fQ make some

- long slow pursuit movements While'imagining.the real-

line and using only the afterimage as her feedback.
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Trace #5 shows a velocity of 1.6 degrees/sec! Her other - =
traces #6 and#7 have a velocity of about 3 degs./sec.

Subject M.N. also shows some slow pursuit of about 3 degs./

that it is possible to slowly pursue one's own horizon-
tally moving afterimage (Mach and Bachart, 1969; Heywood

~and Churcher, 1971).

“Experiment 1(c): Voluntary Cyclotorsional Slow Pursuit:

- No Visual Feedback 1 . é;““*

Subjects were finaliy asked to try to make'approgimately
v>the-éame slow cYClorotary pursuit movements as in Experi— |
.ment l(a) (e.g.V16 degrees ét 1.6 degs./sec.), but with

T.noAvisual stimulus othei than a single 36 min. fikation

boint on & 40 degree white surround. Subjécts were instructed
,.to attempt these moveménts uéing‘any'available sensory‘

- féedbaék. In Figs..15 and 16,timé vs. relative torsionél
"@agnitudé ére plottéd'for ﬁhis experiment. As Would be .. : :.g ,,,,,,,,,,,,,,
'”éxpected'for.normal ﬁorizontal or vertical eye movements, S
fsubjécts de&onstrated little ability fo'make dyclotorsionai

sié&vpursuitn(Yarbus;,1967; See Steinbach (1976) for excep-

~tions ﬁo this usually found result.). Movements were a

‘sefiés of step—like:tdfsional saccades With_viftualiy'no _ S
éiow components. .C.H.'showed a,few dynamic overshoots of - 7

- less than O,ZS,degfee._fSubjegt_M.N. in this test demon-

strated numerous glissadic and a few apparent dynamic




31

overshoots of‘1.5-degrees."The maximum dynamic cyclotor-
sional magnitudes during these tésts were 27 degrées

for C.H; and 24 degrees for M.N, Thesé tests show'that_
the voluntary torsions that I'have trained.are not visﬁaily
induced torsions. Subjects need no stimulus ét all fo

voluntarily cyclorotate their eyes.

Summary of Voluntary CyclotbrSional Slow Pursuit:

Experiments 1(a), (b) and (c)

It has been demonstrated that humans can, in fact,
make reasonably—accurate dynamic cyclotorsional pursuit
| movemeﬁts which are dependent upon the amount of retin#l
feedba¢k5*'»A summary of'tésté i(a), (b) aﬁd (c) is
gshown in Fig. 17. This bar graph'shows the percentage‘
of fime_during which sﬁbjects made slow pursuit moﬁements
during the three different puisﬁit feedback ﬁest condi—
tions;' Correcf pursﬁit movements'were’cdnsefvatively-
:defined'és-those which were in the correct real or imagi~
nary‘stimﬁlus direction with a velocity between 0.5 and.
15.0 degs;/sec.,.and,a minimum duration of.500 msec. As
'&6uid bé expected during nofmal horizbntal slow pursuif
(Héywdod and Churcher, 1971), subjegts made the mdst

Voluntarily,controlledjcyclotorsionalAslow pursuit move-

% Models of servomechanical feedback control relation-

'ships between target and retinal motion and resulting
-pursuit of saccadic movements are included in papers

by Young and Stark (1973), and Robinson (1968) among

others. : s _

1l

NI

I
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ments:in the pursuit'test Situation WhereAthe most
complete visual feedback was givén.(Fig. 17 (a)).' A
1owér oécufrence of torsional slow puréuit resuited

when subjects had only their éftérimages_as visualAfeed—.
back (Fig. 17(b)). Under the conditions where the sub-
jécts were'required to make torsioﬁal pursuit without‘any
stimulus at all (Fig.-17(c)j; slow voluntary torsions

) occufredvinfrequently.

Experiment 2: Voluntary Cyclotorsional Saccadic Tracking

A test similar to that used in Experiment 1(a) was
.designed to allow subjeqts.to make voluntary torsional
saccades. Subjecté were instructed to track the real-
line with their afterimage. The real-line was moved by
a step function (10.mSec. duration)y of either 4, 8 or 16
degrees; M.N. used a clockwise fotation ffbmrvertiéal to
+4 or f8 degfées, or:froh -8 to +8 degfees (excyclotoréional*
IStimuius fér right eye). C.H. used an opposite stimﬁlus,
- from vertical to’—4 or -8 degrees; or irom +8 to -8 degreeé
.(incyclotﬁisiohal étimuius for right eye). This proéé-_
dﬁré‘is.exemplified in Fig.118’for a 4 degree saccdde.

| Figs. 19-24 show the test results. Time vs. relative
torsional mégnitude afe‘plotted. The correct stimulus
step magnitude is indicated by the arrows. These figures
‘show that Voluﬁtéry dyClotorsiohal’saccades can be made
which appear very similar to voluntary horiéontglvor verti-
cal saccades. Voluntary,torsional’saccades may be single,

sequential, or overlapping. The saccadic tracking of M.N,
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often showed eye movements which looked like large dynamic -
overshoots (Figs. 21 and 23) including many of 2.0 degrees.

'C;H.fdeMOnstrated dynamic overshoots, but these were within : .

ﬁfhennorm‘as to magnitude and rate of occurrence when compared
zfé‘normal horizontal saccades (Bahill, Clark and Stark, 1975a) .
I have no clear explanation for_the large apparent dyhamicb

' cyclétorsional saccadic overshooté found in some of the
AA traées'of M.N. Although he is abunilateral intermittent

‘exotrope, it should be remembered that these traces are of R

his non-strabismic eye. Also, I found no unusual horizontal
- eye movements for either of his eyes when measured with an L
infrared iris sceleral border photoelectrode technique,

accurate to 30 min. There is one possible explanation.

5

In'thes—‘tests the mental concentration needed to perform
tﬁe‘task under the éonditions regquired for phbtography
. was &ery fatiguing. Bahill and Starkl(1975)~ﬂave-f0und that o [ S
'“tﬁé éééufrehce and magnitude:ofAdynamic overshoots. increases S
Vwitﬁ_fétigﬁe. M.N. reportéd that he had been feeling tired :
i :fOr sevérél,days-pfior to and ﬁhrough his testing day. In

| addition, Dboth subjects reported large amounts of sac-—

.'y cadic>suppfession. Afterimages seemingly completely dis-

appeared during and'SQmewhat after Voluntary'saccadés
:greater than about 4—5.degreés;~ TheSe-tWo factors_cou1d

~ -possibly have caused unusual ocular motor controlQ

- During the 4-deg. voluntary torsional saccadic_tests~(Figs.

;19, 20) subjects either overshot -the corréct stimulus position by
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- as much as 100 percent;'of,"iﬁvthe case of M.N., the
appropriate eye positions wefe achieved by making small

fixation drifts'and/Or'small SaCCadesf Both subjects" S I it

reported that aﬁj acgurété 4 degree saccade was virtually . CE
vimpossible-to make aﬁd'had:tq be codxed to even attempt them. - T

The 8 and 16 degree saccadeé”were judged far easier tésks(' A _!
These results sﬂggeéf a pbssible_inability‘to make Voluﬁtary

cyclotorsional saccadic trackings of less than 4 degrees.

Summary of.Voluhtary Cyclotorsiohal Saccadic Tracking:

Magnitude vs. Peak Velocity

It éliiof the sacéades shown in Figs. 19-24 are
analyzed for theif peak velocity vs. magnitude,'it is found
that this data reasonably fiﬁs the magnitude»vs..peak—velo—
>city relationship‘for"normal-horizontal saccades. Figs. 25
and 26 show Bahill, Clgrk:and'Stark'sj(1975b) data for compaf—.
ison. The regressién.linevwith thé error range bars is
derived from their data{liThe,daté‘df other résearchers , B R
-,(Westheimer,-1954{1Yarbus, 1967) éhow similar relationShips.'. i
My:datd points aré7fitteaiwith'the other regyession_lihe._ -
>Subjeét~M.N..haslan approximately parallel fit,
whereas, the data fit for C.H. is not quite parallel. This
is prébabiy:because ifhad only i3 SacCadés to compére fér S ——

C.H., many of which were overlapping and, thué, difficult.  v S

to define; ~With M.N. I‘had}27'saccades,-few of which Were

overlapping;‘ The regre$sion_1ineS_f0r the data'are:disQ' 

SLLLETRETE

1
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placed downwards in velocity by an average of 32 percent
for M.N. and an average of 28 percent for C.H. _This under-

estimation of Velocity is expected since the photographic

analysis of 64 frameé/sec. does not have the frequency

résponse to give instantaneous velocity measures. This - i ;, .
is énalogoﬁs to a low-pass filter with a band width of

approximately 32 Hz. This would, thefefore, lower the

- measured peak velocities by about 30—40.percent (Bahill,

Clark and Stark, 1975a; Fig. 5). It is concluded that | I
voluntary saccadic,cyclotorsiéns are cbntrQ11ed by the.
'same»néural meghanisms_whigh'determine 6rdinary horizonfal
-gsaccades.  1In addition'it is pfobable that.the total active
" muscle velocities and passive globe viscosities which are
.involved during the veluatary cyclorotations of the eyé are

close to those for ordinary horizontal saccades.

Experiment 3: - Tests for Pure Wheel Cycloversion During

Voluntary Dynamic Cyclotorsion
.4In-segtion'1” I.haVe reported objective'measures of
Voluntary tonic‘éycloversion; Ih the present tests for
'dynamic cyclotofsion I only measured the fixating eye (right).
The ofhef eye was occluqéd by an eye patch in order'to ﬁake
the aftérimagé/real—liﬁe cyclotorsional matching task és
simple‘as possible fqr the.subject,.so that'no binoculaf

- fusion would be required. The real-line stimulus could

also be occluded from the left eye of the subject by a
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rpartjtion placed 30A¢m3fr§ﬁ the eye. Using this method I
could observe both eyes 31mu1+aneous1y in order to deter-
mine if dynamlc cycloverslons occurred durlng the monocular
stlmulatlon of the flxatlng eye or‘under conditions of no
Vlsual_stlmulatlon : B1nocular v1sua1 1nspect10n of the
subjects' eyes was made durlng all of the voluntaly dynamlc
cyclotor81ona1 tests. reported here Durlng all of these
tests subgects were observed to be performlng conaugate
cyclotors1ons i.e. cyclovers1ons.

In addition, no Vertical.or horizontai vergenCe move-
ments_appeared to occnr during'these voluntary dynamic
cycloversions. Moviesvof-the fixating eve_demonstrated
similar resnlts.' ﬁorizontai and vertical eye movements
were within the variability of my: measuremént tecbnique

(+ 10 min. arc.) in about 95'percent'ofvthe'frames ~ Move-

ments in the remalnlng 5 percent d1d not vary systematlcally_

'and usually . cons1sted of dlagonal saccades less than 30 min.

This is within the range‘Of simple fixation variability

“that one wouLd expect for a p01nt stimulus (Dltchburn 1973).

It,.tberefore, can be concluded that all of the Voluntary
’dynamic cyciotors1ons which I have tralned are conJugate
pure Wheel,cvcloversiOns occurring around the viSuai axes
'of;the'evest-aThese»resnlts-are in opnosition‘to arguments
by Jampe1'<1975) who has stated that such-movements are.

neurdlogically and;structuraliy impossible.

IO PN RO
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Exﬁeriment-4:=lcontrol Tests for VisualfInductiOn of . ..

Dynamic Cyclotorsion

Hl

* It has been previously reported that rotating stimuii

BN B 1

can~visually induce cyclotorsion (Bfecher! 1934; Kertesz, 1970

R

:and’Crone, 1975). 1 wished to know the amount of this visually
..induced cyélotorsion'which may have been a poésible tpisionél-
.i'aémponentbin>dynamic~voluntary,toréion Experiments 1(a) and
_2. To accomplish this I exactly replicated these experiments
except fof one differenéé' Subjectsvwefe instructed
: th s1mp1y relax and Oobserve the slow pursult ramp stlmulus

Amov1ng at 1.6 degs./sec. (Experiment l(a)) or the saccadlc . 5
° gstép stimulus of_either 4, 8, or 16'degrees (Experiment'Z). |
mhe subﬂscts dld these. experlments both with and w1thout
the usual monochlai veitlcal afteerage line. Similar
resﬁ;ts were iound for both subjects under both slow
'fpﬁrsuit and'saccadic'tracking stiﬁulus-coﬁditions;» Repre-
 $ehta£iQe'resu1ts of‘both subjects for the élow pursuit = . o
.:stimﬁlus aré shoWn in_Fig. 27. .Time (secf) is plotted relé—'
ﬁ_ﬁive to thé amoﬁnt 6f_cycldtorsion. An ﬁpwards direction on
v'fhe‘ordinaté.indicates.that the eye Was rotating in the same
'-difecfioﬁ'in which the'stimulus was rotated. It can.be seenv
thép}Within the nOisé”qf our torsional measurements (i,B min. )
_ﬁhéée'test cOnditions'did not Visuaily'indﬁgersystematic

‘{'cyclotorsion>-~0f 17 fraces{ 10 showed no cyclotofsional

’movements (strlp #1), five traces showed torsional fixation

dr1ftscxf()2 1 0. deg /sec. with magnitudes less than ' ff;:_fi




'1 0 degree (strlps #2 and #3), and two traccs showed

single saccades less Lhan 1 0 degree (strlps #4 and #5)

The movements-were not.systematlc in thelr dlrectlon.; These
resultsdare greaterHinAmagnitude than those found by
Fender_(lQSS); He reported-torsional fixation'motions_of
the eye which were flicks 2dmin -arc. and slow, irregular
drifts.S min. arc. The larger magn1tude of my results

(when found) may be because my subJects have acunred vol-
untary neural access to thelr cyclotors1onal movements

thus adding a greater amount of_torsional "noise'" to their
oculomotor\cyclotorsional.control systems. This hypothesis
Cis 1rengthcned by subjects' reports that only after
Jtralnlng dJl they have dlfIqulLv maintaining a vertlcal'
V(O dejree) afterimage/real~line match, ‘The main signifi-
cance of these results is that fhe stimnlus configurations
used in our experimenfs“do not visually.induce'cyclotorsion.
Therefore 1t can be concluded that the results reported

in thls paper have no v1sually 1nduced combonents

" Discussion

Slow Pursult and Saccadlc Tracklng Data

The data presented here demonstrates that humans can
be tralned to make voluntary dynamlc cyclotors30ns around
the v1sual axis up to 30 degrees in magnltude It has been

shown that these movements have no v1sually 1nduced components

KRt
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After training, subjects displayed the ability to make
reasonably accurate voluntary Cyclotorsicnal slow pursuit
-aﬁd saccadic traCkinﬂ of. rotating stimuliﬁ

In the case of voluntary cyclotor31ona1 slow pursult

'30f Iotatlng otlmull cyclorotations looked.81m11ar to vol—‘

‘.untary horlzontal slow pureuit eye movements. The amcunt

. of voluntafy‘cyclotorsicnal'slow bursuit of a (rotating)
.Object increased with the amount of visual feedback.

:In the extreme test situetioh,“where”no-stimUlus-Was_present,
the:subject was instructed to try to}imagine the slow pﬁrsuit'
' of a rotating stimulus. As would be expected for hormal

-_Hhcrizcntal purSuit uhder'these conditiohs, a series of

.st ep- llke cynlotcv81onal saccades occurred which had vir-

’tually no slow pursult-components.

Voluntary dynamic cyclotorsional saccadic tracking of

~-a rotdating stimulus was demonstrated to be reasonably accurate

" for 8 and 16 degreelstimulus steps. During‘these movements

glissadic and dynamic cyclotorsional saccadic overshoots occurred.

: These look similar to those reported for'horiantal saccadic

cverehoots (Bahjll .Clark, Stark, 1975a), except in some of the

traces of ‘M.N. where’ apparent dynamic overshoots were some-
tlmes as 1arge as 2 0.degrees in magnltude (see Sectlon 11,
F%perlment ?(a) for poés1ble expianatlon of this . effect)
Curlously, eubJects were unable to make voluntary cyclo—

4tor>1ona1 saccadlc tracklngs of stlmull steps of 4 deglees

f When the/ would even attempt the task, they elther made
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‘slow cyClotorsidnal fixation drifts or overshot the correct

stimulus position by as much as 100 percent. The most
imporfant finding of thié‘saccadic data is that when mag—_‘
‘nitude-vs: peak‘veldcity is éxamined it is found that .
voluntary cyclOtorsional saccades have similar curves to
_those'of.nofmal horizontal saqcades (Bahill, Clark and
Stark{ 1956). It is likely that both types of saccades

‘have the same neural origin.

Théoretical Implications of SloW‘Pufsuit and Saccadic

Tracking Data

Voluntary cyclotorsional slow pursuit and saccadic

tracking of rotating stimuli are very similar to the slow

pursuit.and saccadic tracking of horizontally moving stimuli.

These results suggest that-éxisting slow pursuif’and sac-—
‘cadic mechaﬂismS'control’trained vdluntary.cyéloﬁorsioné.
In addifion, it is important to.remembér thatvvoluntary

A cyclotorsions are versions occurring around the visual
axes.éven'thoﬁghAthe visual stimuli (when_exisﬁing at all)
are Presénted monocularly.‘ Itpropose that these components
originate from the phylogenetically old vestibulo—ocular
reflex ﬁotorAapparatus used for stabilizing the retinal |
limagevslip.‘ These prim&fivé slow phase and fast flicks
may have been'ufilized_by thé Visuémotor systém in making

voluntary cycloversions, in much. the same way as they have

beeh'hypothesized»to be used in the production of wvoluntary
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~horizontal and vertical lew-pursuit'and-saccadic versional -

eye movements (Robjnson 1972) -Clinieal evidence‘(Fox
‘and Holmes, 1926 Dix et al 1971;.Henriksson, 1973)

suppofts.this'hypothesis by indicating that.all types of

,slow eye’ movements includingvvestibular slow phase, opto-

klnetlc slow Uhase and pursult eye movements, orjginate

from.the same slow phase system. The flnding that voluntary

saccades, the fast phase of vestibular and of optic nystagmus

all share the same fast-saccadic system (Ron et al., 1972;
Henriksson and Nilsson, 1975) further supports this hypo-

thesis.

Visuomotor Plasticity

If voluntary dynamic oycloverSions are but an apparent

“eonditioned process of visuomotor reorganization from existing

old phylogenetic components it may be assumed'that such

_ reorganlzatlons may not be 11m1ted to the creation of volun—
 tary cyclovers1ons Other v1suomotor 1n1t1ated oculomotor'

OTganizatiOns‘could be formed as ‘'well. . Henriksson and Nllsson

(1975) recently rev1ewed the plastlclty and the dynamlc
propertles of the vestlbulo»ocular.reflex arc. They con-
-cluded:that thisfmotor system has tremendous potentiel fof
moalflcatlon from specnflc types of 1ong term v1sua1 stlmu—
latlon. One such example, recently reported by Me1v1lle

Jones and Gonshor (1975), demonstrdted that not only can

the vest1bu1o ocular reflex be temporarily. ex01ted or
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suppreseed by appropriate retinal sfimuli; bot-that retinal'
1nfluenoe can be S0 versatlle that upon the optical reversal
of v1s1on (by wearlng dove prlsms for 14 days) a complete |
reversal of the vestlbulo—ooular reflex occurs in man.

The constraihts of such a Visﬁomotor>reorganization are-
probably»determined by'exaot stimulﬁs oarameters,_training
techniques, and in some ceees subject.motivetion. (See
 Henriksson and Nilsson (1975) concerning attentioh effecf84

on the Vestibulo—oculer reflex arc.)

Limits of Vo]untary Dynamlc Cyclovers1ons

During the tralnlng of dynamlc ‘cycloversions: I held
C.H. and M.N. “to about a.30 degree limit. At the_trme I
:dlo not have a clear 1ndlcat10n as to what the musculer
e'or optlc 1erve constralnts of this xyetem were. However,
»dqung and after the tralnlng of-dypamio oycloversions I-
found'thaﬁ both.subjeots-were;reﬁidlyfacquiring.a great
amount of Voluntary cyclovers1ond1 control (see Sectlon I
Exp 1(b) concernlng changeo 1n effort and performance
during tra1n1n0) After all experlmentaclon had. ended"
they beoame 1n51stent thau they had tho potenflal to make
tors:ons far in excess oi 30 Qegreesf At this p01nt I
1earned»that they'were preoticing and demonstreting'their;
"novel‘skiil”‘of making cyclovereions;at home, at'pertiesi
and to'people_On the Street (of course, without any vieualli

stimulus with the exception of some environmental fixation




.pdint); 1 téid them that if they had:to make unsupervised
qyclovérsions, to be sure hot to ”push‘themselves”,

What is the 1imit of vdluntary'cyclévérsions?
~In }963;'Colenbrander reported the largest reflexive
"cyclovérsiéns up,to.that time.‘ He found that 1atera1‘head
'tiits_of £.60 degrees in é centrifuge at 2 g. produced a
fangé of:stétic Counter—cycloversioﬁs up to 30 degrees
__ (i 15 degrees). 1In 1973 Petrov and Zenkin found during
"slow dynémic 1étera1 head tilts of 10 deg./sec. the largest
féflexive couﬁter—cycloﬁersional magnitudes (monocularly

A_measured) thus far reported. They'reported average

'~g couhter—cyclotorsions‘of 31 degrees during average head

_tilts,of 41 degreesv(relative to vertical). One cyclo-
téfsion of 37 degreés_wésvmade during a 49ldegree head
tiit (relative to veftical); These results indicate an
:-éverdgé reflexiVe cycloforsionalirangé of at least 62-:
 ;dégréééL' It Cah bé.concluded'that the humén feflexive

cyclotorsional system can make eye rotations which are at

o :minimum tWice the magnitude of the voluntary cycloversions

' Whiéh I havé reported here (30 degrees). It is possible
A; thatrwith extended training a similar'voluntary cyclo-

versional range could be acquired.
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~ Fig. 1

Representation of the monocular stimulus
situation used in the training of voluntary
tonic cyclotorsion. (1) Subject matches a
vertical afterimage with an equally sized
real-line 11 degs. x 15 min. at 100 cm
distance; (2) he then rotates the real-line
from vertical, usually in 20 min. arc.
movements; (3) he then must try to make a
prarallel match to this slightly inclined
real-line with his afterimage which repre-
sents his eyeé position. -
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‘Fig. 2. These two photographs show a tonic voluntary
cyclotorsional eye movement of 20 degrees.
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Fig. 3.

The training of voiuntary tonic cyelotorsion
for subjects C.H. and R.B.

of subjectively measured torsion are plotted
by the small symbols. These are maximum

tonic ranges which can be held for a 5 second

dguration. The three large squares and the
one large circle are simultaneous objective

-lmeasures.
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Hours of training -
at'1l hr./day vs. the total range (degrees)
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Fig. 4 The accuracy of subjective matches compared
: to objective measures of voluntary tonic cyclo-
torsion for R.B. at 35 hours of training.
Means and standard deviations are shown.
The diagonal 1line represents a perfect match.
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Fig,

5

oy}
W

The accuracy of subjective matches compared to

‘objective measures of voluntary tonic cyclo-

torsions for subject C.H, at 16, 25 and 35.
hours of training. Means and standard devia-

tions are shown. The diagonal line represents

a perfect match.
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Fig. 6
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The accuracy of subjective matches compared

to objective measures of voluntary tonic cyclo-
torsion for subject M.N. . These are final

‘test results after 13 months of variable

training (see subjects). Data for three
different stimulus line sizes are represented.
For clarity the 3 and 26 degree stimulus data
have bezen displaced up and down, respectively,
on the ordinate by 10 degrees. Means and
standard deviations are shown. The diagonal
line represents a perfect match.
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Fig. 7
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The subjective difficulty of voluntary tonic .
torsion over time. Estimated difficulty is
defined ‘to be inversely related to the dura-

~tion which voluntary tonic torsion can be held.

5.0 seconds is equal to 100 percent effort.
This is compared to the amounts of subjectively
measured voluntary torsion during three dif- -
ferent phases of training; (a) and (b) repre-
sent estimated difficulty at respectively 5

- and 35 hours of training; (c¢) represents further

training of 10 more hours (45 hrs.) without

trying to further extend the cyclo-torsional

range achieved in curve (b). - See text for:
further definitions. ' ' '
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- Fig. 8

59

ObJectlvely measured test for cycloversion-
during monocular visual stimulation, Data
is the combined results for subjects M.N.,

‘R.B. and C.H., each of whom was tested at

different times during training. The diagonal

"line (slope équal to 1.0) represents perfect

conjugacy. Not shown, the slope of a

‘regression 11ne fit to this data is equal to»
0.96.




VERTICAL INCYCLO |

. CBJECTIVE TORSION-OCCLUDED L.E. DEG

EXCYCLO

i PEVRY o [
101 ¢ R.B 0 - EE—
8- o C.H . | ~
6- Yz -
© -
4 4 .
. A
e o
O derreeneerivnmernserinen s sianst e st i S
: a
21 s -
s /%
4- S
61 i -
[ ° =
8- B ° -
° S
104 3 [ —————
12- T ] - l“ T . T ¥ T T 1 T T T ] i
12 10 8 6 4 2 0 2 4 6 8 10 12
INCYCLO VERTICAL - ~ EXCYCLO

OBJECTIVE TORSION-FIXATING R.E., DEG.

|
|

IR N E A 011 1 R TR
i i




€1

Control'tést datd for visual induction of
cyclotorsion. Subjects M.N., R.B., and C.H,

© are shown. - For clarity the curves for M.N.

and C.H. have been displaced, respectively,’
up and down on the ordinate by 3 degrees.

‘Means and standard deviations are . shown.
. Subjects were instructed to relax and simply
~look for 30 seconds at only the real-line

which was held at different fixed positions
in space. Only R.B. shows any indication of

“visual induction. His magnitude of response

is a relatively insignificant 7-8 percent
of his prev1ous1y shown- tor81onal response

~in Fig. 4
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Fig. 10

63

Represehtation of the ménocular stimulus
situation used in the training and testing of
voluntary cyclotorsional slow pursuit. The

.subject tonicly matched a previously vertical

afterimage line to a real-line stimulus at,

. for example, -8 degrees. The real line was

then programmed to rotate clockwise with a
ramp function of 1.6 degrees/second for 10
seconds until it reached +8 degrees (a total
of 16 degrees). The subject's task was to
pursue this stimulus by the rotation of his
afterimage (his eye). ’ g
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Fig. 11 .Test results of voluntary’cyclotorsional slow

pursuit:
M.N. -

Complete visual feedback,

subject

Lines have been drawn in representing

a stimulus velocity of 1.6 degrees/second.
Good pursuit can be seen in traces #3 and #4.
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Fig. 12
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Test results of voluntary cyclotorsional slow

pursuit:

Complete visual feedback, subject

C.H. Lines have been drawn in representing

‘a stimulus velocity of 1.6 degrees/second.

Particularly good pursuit is seen in trace #2.
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Fig. 13

M.N.

Test results of voluntary cyclotorsional slow
pursuit: Partial wvisual feedback, subject .

Some slow pursuit and cyclorotations
up to 30 degrees can be seen in trace #7..
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Fig. 14
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Test results for VQluhtafy cyclotorsional slow
pursuit: Partial visual feedback, subject
C.H.. Despite the partial feedback condition,

"~ slow pursuit can be seen. Trace #5 shows a

velocity of almost 1.6 degs./sec. This is the
same stimulus ramp velocity at which C.H. o
was trained and tested during cyclotorsional
slow pursuit with complete visual feedback '
(see Pig. 12).
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Fig. 15 Test results for voluntary‘cyclotorsional slow
pursuit: No visual feedback, subject M.N.
Virtually no pursuit movements can be seen. -
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‘Fig. 16.

Test results for vbluntary cyclotérsibnalxslow

pursuit:

No visual feedback, subject C.H.

Virtually no pursuit movements can be seen.
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Fig. 17
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Bar graph showing the percentage of time during
which subjects made voluntary cyclotorsional slow
pursuit movements during the three pursuit
feedback test conditions. Correct pursuit
movements were defined as those which were

in the correct real or imaginary stimulus
direction with a velocity between 0.5 and 15.0
degs./sec., and a minimum duration of 500 msec.
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Fig. 18
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Representation of the monocular stimulus
situation used in the training and testing of

. voluntary cyclotorsional saccadic tracking.
. A 4 degree saccadic stimulus is exemplified.

The subject tonicly matched a vertical after-
image line to a real-line stimulus at O degrees
(vertical). The real-line was then programmed

.to rotate clockwise with a step function of

4 degrees. The subject's task was to track
this stimulus as fast as he could by the

rotation of his afterimage (eye). Similar pro-

cedures were used for 8 and 16 degree cyclo-
torclonal saccadlc tracking.
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Fig. 19

81

Test results of voluntary cyclotorsional
saccadic tracking: 4 degree step stimulus,

R subject M.N, The correct stimulus step

magnitude is indicated by the arrows. Accur-
acy is only attained by the production of

.slow fixation drifts. Saccadic movements
- overshoot by as much as 100 percent.
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~ Fig. 20
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Test results of voluntary cyclotorsional sac-
cadic tracking: 4 degree step stimulus,
subject C.H. The correct stimulus step
magnitude is indicated by the arrows. Normal
cyclotorsional saccades are made.  They,

‘however, overshoot the correct stimulus
step magnitude by as much as 100 percent.
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Fig, 21
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Test results of voluntary cyclotorsional sac-
cadic tracking: 8 degree step stimulus,
subject M.N. The correct stimulus magni-
tude -is indicated by the arrows. Overlapping
saccades, as well as dynamic and glissadic
overshoots up to 2 degrees can be seen,

Final =saccadic accuracy is seen to be good,
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Fig. 22

Test results of voluntary cyclotofsidhal _
saccadic tracking: 8 degree step stimulus,

- subject C.H. The correct stimulus magnitude

is indicated by the arrows. Normal single
and overlapping saccades can be seen.
Saccadic accuracy 1is falr
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Fig.

23

Test results of voiuhtary cyclotofsionai v
saccadic tracking: .16 degree step stimulus,

~subject M.N. - The correct stimulus magnitude

is. indicated by the arrows. Traces #8

- and #10 show good final saccadic accuracy;

however, these saccades have large apparent
dynamic overshoots of up to 2 degrees.
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Fig. 24

Test results of voluntary cyclotofsional
saccadic tracking: 16 degree step stimulus,

‘subject C.H. The correct stimulus magnitude

is indicated by the arrows. Good saccadic
accuracy and normal looking saccades are

demonstrated.
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Fig. 25
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Voluntary cyclotorsional saccadic tracking:
Magnitude vs. peak velocity results for

subject M.N. The voluntary cyclotorsional
saccades shown in Figs., 19, 21 and 23 have

been analyzed for their peak velocity vs.
voluntary cyclotorsional magnitude.

The data points represent this analysis.

They have been fitted with the lower regression

‘line. Bahill, Clark and stark's (1975b)
data for normal horizontal saccades is

represented by the upper regression line;

 ‘the bars show the range of their data.
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Fig. 26
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Voluntary cyclotorsional saccadic tracking:

- Magnitude vs. peak velocity results for

subject C.H. The voluntary cyclotorsional

- saccades shown .in Figs. 20, 22 and 24 have

been analyzed for their peak velocity vs,
voluntary cyclotorsional magnitude. »

The data points represent this analysis. :
They have been fitted with the lower regression
line. Bahill, Clark and Stark's (1975b) data

- for normal horizontal saccades is represented

by the upper regression line; the bars show

the range of their data.
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Fig. 27
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Control test for visual induction of dynamic
cyclotorsion. Subjects were instructed to
simply relax and observe the slow pursuit

ramp stimulus moving at 1.6 degs./sec. (Exper-
iment 1(a)) or the saccadic step stimulus of
either 4, 8 or 16 degrees (Experiment 2).
Objective torsional measures over time are

“shown only for the slow pursuit ramp stimulus.

These results are representative of all experi-

ments and both subjects. - An upwards direction
~on the ordinate indicates that the eye rotated-
"in the same direction in which the stimulus was .

rotated, No significant visual induction effects

~are seen.
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