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Summary.

When saccading to a silent clock, observers sonestimnk that the second hand has
paused momentarily. This effect has been tercheohostasis and occurs because
observers overestimate the time that they have theeobject of an eye movement
[1]. They seem to extrapolate its appearance lapkst prior to the onset of the
saccade rather than the time that it is actuatltéid on the retina. Here, we describe
a similar effect following an arm movement: subgeaverestimate the time that their
hand has been in contact with a newly touched abjée illusion’s magnitude
suggests backwards extrapolation of tactile peraepd a moment during the
preceding reach. The illusion does not occur ifatra movement triggers a change in
a continuously visible visual target: the time abet of the change is estimated
correctly. We hypothesise that chronostasis-likeot$ occur when movement
produces uncertainty about the onset of a sens@nyteUnder these circumstances,
the time at which neurones with receptive fields ghift in the temporal vicinity of a
movement change their mappings [2-4] may be usedtiase marker for the onset of

perceptual properties that are only establishest.|at

Results and discussion.

Many people recognise the “stopped clock” illusitirnas recently been
measured experimentally as the subjective lengtigenii a post-saccadic stimulus,
and termed chronostasis [1]. Observers saccadedumeric display. The first
number they saw was a “1” that remained visible4@®-1600 ms. This then changed

to “27, “3” etc., with all subsequent digits disgkd for one second each (see Figure



1(A)). Subjects judged whether the “1” had beemdeemore or less time than the
other digits. Compared with a condition in whichey@ movement was made,
subjects overestimated the time they had seeratteadic target (“1”). The amount
depended upon the size of the preceding eye mouvefoesmall movements of 22°,
subjects overestimated by about 120 ms, incredsit§0 ms for larger movements
of 55°. We suggested that the onset time of thé-gascadic stimulus had effectively
been antedated to a moment just prior to saccatition.

A key question is whether chronostasis is spetifisaccades. Data favouring
this position comes from a failure to detect chiiasis in a recent case study of a
patient with congenital ophthalmoplegia (weak eyesates) who made rapid head
movements in compensation for her deficit [5]. éemtrast to this, Hodinott-Hill et al
employed a modified procedure (intended to repredbe “dead phone” illusion) and
reported a chronostasis-like effect when subjeeiewequired to match the duration
of auditory stimuli following a key press and afsbf spatial attention [6]. However,
both studies are difficult to compare directly wilie initial demonstration of saccadic
chronostasis. For example, the variability in dedan individual subjects [1] suggests
that results from single case studies cannot naabsbe taken as representative of
larger groups. Regarding the study of Hodinott-Eilal, the problem lies in knowing
exactly when the shift of attention occurred. Theststraightforward interpretation
places this eveithin the critical temporal interval that was being jadgoffering a
challenge to current accounts of dual-task timggumaent performance [7-9] but
raising an important methodological difference canmagd with the saccadic
chronostasis procedure. One recent report doesappee directly comparable with
saccadic chronostasis experiments. Park et alaisednter like that shown in Figure

1(A) and triggered the initial change of numbegedily from a finger movement (a



mouse key press) [10]. They found a chronostaksesdffect of around 100 ms for
this visual stimulus. However, they did not invgate movements of different
extents. Here, we address the issue of genergligxtending the design of the
original saccadic chronostasis procedure to exaarmemovements to a tactile
stimulus in a large number of subjects. Will reaghio touch a new object cause us
to overestimate the period for which we have téltfithe answer is yes, then does
the effect depend, like saccadic chronostasishemxtent (and therefore duration) of
the preceding movement?

Figures 1(B) and 2(A) show the time course of apeexnental trial and the
layout of experimental apparatus respectively. &utbj reached to a strain gauge
mounted upon a vibrator that could vibrate (0.5 naing0 or 120 Hz. Three types of
movement were made: long (50 cm), short (15 cm)double (start from the “long”
point, touch down briefly at the “short” point, theontinue to the target). Releasing a
switch initiated data acquisition for the trial andused a target vibrator to begin
oscillating at 120 Hz. It continued to oscillatetlis rate for a variable period such
that it was always in this state when subjects fosched it. This was followed by an
alternating pattern of vibration at 60, 120, anent60 Hz, each applied for 1000 ms.
For subsequent analysis, first interval presematilmes were adjusted to reflect the
time the target strain gauge had actually beenhiedion a given trial by subtracting
the time for which the hand had been in motionuFeég2(B) shows signals recorded
on a single trial. In a stationary control conditicubjects simply rested their hand on
the target strain gauge and the experimenter tedishe same sequence of fast and
slow vibrations. Subjects judged whether the titneythad felt the first period of
vibration (120 Hz) was longer or shorter than floatwhich they experienced the later

reference intervals.



Figure 3(A) shows mean subjective durations (esgmaf the time judged
equal to the subsequent reference stimuli) in @lir fconditions. In the static arm
control condition, subjects slightly overestimatee duration of the first period of
vibration (942 v. 1000 ms, t = 2.49, df = 23, p £2). However, when subjects
reached to touch the target, the effects were niader: they overestimated the
duration of the first period of vibration by 90-18tsrelative to control (Fig. 3(A)).
This observation was confirmed by ANOVA (f = 20.4Drrected df = 2, 46, p <
0.001) and Bonferroni-corrected follow ups, whidiowed significant differences
individually between each movement condition andtiad. The small trend for
estimates to be lower in long and double move ¢ relative to the short move
condition was not significant.

These results demonstrate a chronostasis-liketefie reaching movements.
The situation appears analogous to saccadic chiamses with one difference. In
saccadic chronostasis, the size of the effect sd¢alkear linearly) with the size of the
saccade. Such duration-dependent scaling would Usatb expect a difference of
around 120 ms between the short and long reachtommlin the current experiment,
far greater than that actually obtained. Power eded 0.99 to detect this difference
as a post-hoc comparisom £ 0.008). For saccades, chronostasis seems taogtar
50 ms before the eyes move and increases withripditade of the saccade. With
arm movements, chronostasis is independent of meneaxtent; a similar antedating
interpretation would place its onset at some pomd-way through the reaching
movement.

Although this perceptual effect appears to depgmah movement of the arm,
two other factors may have contributed. Firstlye thressure exerted upon the

vibrating target strain gauge was not equated &aching and resting (control)



conditions, being greater in the former case. Sdlgornisuo-motor factors such as an
imprecise visual assessment of the point at whinehhtand made contact with the
target (i.e. some variant of the “representationaimentum” effect [11]) or a planned
but suppressed eye movement may have influenced results. In reaching
movements where eye position is initially speciftatt subsequently unconstrained,
the eye tends to move before the hand [12]. If ey@vement planning were
important, we would therefore expect the effechéwe shown dependence upon the
extent of the preceding reach, which it did notwdwer, it is conceivable that a
saccade was planned and suppressed in resporise sight of the hand crossing the
point of fixation, which would have occurred at ianigar time relative to vibrator
contact in all reach conditions.

In order to exclude the role of these factors wmdticted a control experiment
where subjects made short (15 cm) reaches to thrating target with and without
vision of the arm. The latter was controlled uslight occluding goggles to obscure
vision from the onset of the arm movement (i.eeask of the “home” switch) to the
end of the stimulus sequence. We also added a detatic arm condition in which
subjects pressed on the target strain gauge wehséme force typically exerted
following their reaching movements in order to asseny potential pressure
confound. For this control experiment the vibrateeguence was changed to a 120
Hz oscillation, followed by a pause, followed bysacond 120 Hz reference
oscillation with which comparisons were made. Théenmence interval (and pause
between variable and reference intervals) weretshed to 500 ms, because briefer
durations are estimated with less variability [1REsults are shown in Figure 3(C)
and demonstrate a robust difference of approximatg&lms between both static and

both reach conditions (f = 18.146, corrected df,=18, p <0.001; for individual



comparisons between static/reach conditions, alD5 after Bonferroni correction).
Figure 4 shows average signals recorded acrossmemtdrials for a typical subject.

A second set of experiments was designed to asgdextber reach-dependent
chronostasis would extend from tactile to visuahsti, as suggested by one recent
study [10]. In those experiments, subjects initlate change in a visual target by
pressing a switch on which their hands rested. &ibjoverestimated the duration of
the subsequent visual interval. We therefore medibur reaching task in two ways.
Firstly, the screen around the fixation cross ntwanged colour to provide variable-
duration and reference intervals for comparisonco8dly, subjects initiated this
sequence by moving their hand and touching a sw&admtrol blocks of trials were
included where no movement was made, with the seguestarted by the
experimenter. Figure 3(B) shows the results ofrst visual experiment in which
variable-length and reference intervals were defibg the entire fixation window
being displayed in white (entire sequence from feass: white, black, white, black;
see Figure 1(C)). In the no movement condition,jesttb accurately judged the
duration of the first interval (985 ms v. 1000 ns; 0.810, p > 0.05). However, in
contrast to the results with the tactile stimuhegching with the arm had no effect on
subjects’ judgement of duration (F = 1.997, p >50.0This failure to obtain
chronostasis is unlikely to relate to experimempi@aier, which was 0.97 to detect a
difference of 90 ms (smallest effect obtained irpesxment 1) as a post-hoc
comparison ¢ = 0.008; estimated based on the comparison with gheatest
variability). Movements were slightly slower in shexperiment (see legend, Figure 3)
but this fact is unlikely to have eliminated chretasis. In our first (tactile)
experiment, scatterplots of effect size againstaye movement time were produced

and correlation coefficients calculated acrossesttbj Neither correlations (r = -0.056



for short movements, r = -0.134 for long movements) visual inspection of
scatterplots suggested a relationship between menveapeed and effect magnitude.
An identical analysis was employed in this visugberiment, again yielding only a
slight and non-significant trend for correlations $show the predicted negative
relationship (short: r = -0.067; long: r =-0.212).

We were concerned about the lack of chronostagestsfin this experiment,
given previous positive results [10]. We therefoomducted two further experiments
to address this discrepancy. In the first, we rigmkaur previous static control and 15
cm short reach conditions, and added a third cmmd{based on ref [10]) in which
subjects initially rested their finger on the tdargeitch, then depressed it (initiating
the stimulus sequence) following a verbal cue ftbmexperimenter. A shorter (500
ms) reference interval was used. The results arersiin Figure 3(D). No effect was
obtained in either movement condition relative aateol (f = 2.604, p > 0.05) despite
experimental power of 0.99 (both comparisons) tieatea difference as small as 60
ms. We therefore considered whether the intensity spatial extent of our stimulus
(a sizeable fixation window changing from blackvihite) might have nulled any
effect in the key press condition (in [10] a snm@A#dck counter on a grey background
was used). In the second experiment, we assessetie movements, using a small
(0.8°) square stimulus at the centre of the fixatooss. It changed from dark grey to
light grey to mark time intervals, with the rest thfe fixation window coloured
medium grey. Figure 3(E) shows that there was @gzen no effect (f = 0.76, p >
0.05; power > 0.8 to detect a 60 ms differenceg fidason for our failure to replicate
is unclear at this point. Possible factors inclybsture, the precise nature of the
stimulus sequence and its reference duration. @ta duggest that any key press

effect may be fragile, however, given that suchdiec do not substantially affect



reach-dependent tactile chronostasis (c.f. eakperiments) or saccadic chronostasis
[Yarrow, Johnson, Haggard and Rothwell; submitted].

Comparing across experiments, reach-dependent a$tasis was clear with a
tactile (vibratory) stimulus, but there was no able effect when subjects estimated
the duration of a visual stimulus that was fixatlecughout the arm movement. We
therefore suggest that the physical (as opposedetsorial) onset of the post-
movement stimulus must be uncertain for chronostasi occur. In the tactile
experiments, subjects perceived the state of tigettabject only when they touched
it (its sensorial onset) but had no accurate in&drom about its prior physical state,
i.e. the moment at which it actually began to vibra’he same is true for saccadic
chronostasis. The saccadic target is accuratelgeped only at the end of the
saccade while the true onset of the change could haen at any time during the
saccade. In the present visual experiments theseengauncertainty about stimulus
onset because subjects continuously fixated timeusis whilst the arm was moving
providing constant information about when it chahgmlour. Anecdotally, this
situation is reminiscent of one context in whicle thresent authors have never
experienced the stopped clock illusion; when ainigksecond hand can easily be
heard. In this case, uninterrupted information frima auditory channel about the
precise time of clock movement may be being usegtéference to uncertain visual
cues.

Can a common mechanism account for chronostagseftects arising for
different effectors and modalities? Hodinott-Hilt al have suggested that the
explanation may be arousal, which is known to iefice time estimation [6,14,15].
We question whether arousal can explain previopsiglished data [1,16]. The

present data also offer no support for this exglanalt is not clear why a vibrating



tactile stimulus (or preceding movement) shouldighly arousing while an obvious
colour change (black to white) for a large sectbspace around the fovea (preceded
by the same movement) should not be.

For chronostasis following saccadic eye movemempmeviously suggested
a possible link with predictive remapping processéserved in monkey lateral
intraparietal cortex [1]. The receptive fields @lls in this area shift in advance of an
upcoming saccade, such that a stimulus at a pogh® cell will respond tafter the
saccade actually begins to excite it 80 ms before saccexgation [2]. In fact,
predictive receptive field shifts of this type ocan other areas such as the frontal eye
fields and superior colliculus [4,17]. They mayeefively overcome the sensory
delay when a new stimulus arises following a saecahd permit the advanced
planning of future saccades in oculocentric co+fmaths without reliance upon
transformations to a spatial frame of reference 4$eems plausible that the brain
uses these cells’ initial (pre-saccadic) respoases time marker for the true onset of
a stimulus at the end of movement. The idea thapecific neural event might
subsequently be used as a temporal marker is mo{ag. “subjective referral” [18])
and remains controversial (e.g. [19]). Nonethelegs, consider it an intuitively
appealing account of our saccadic data.

Given the differences between the saccadic anthyedated data, it may be
that these effects reflect separate neural meananisgiowever, in the spirit of
parsimony, we speculate that manual chronostasig aiso rely on predictive
mechanisms that maximise post-movement respongseRsychophysical data show
that the internal representation of both eye and rmovements is often predictive of
actual movement kinematics [20,21] and many bim@dalal-tactile) cells in ventral

premotor cortex show visual receptive fields thavenwhen the arm is repositioned
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[3]. Developing these observations into an analsgmecount of manual chronostasis
will, however, require clear data on the timecour§eemapping processes during

reaching movements.

Conclusions. Chronostasis is a rather more general phenomenam tine
original saccadic data implied and occurs for Iszstbcades and arm movements. It is,
however, closely tied to the properties of the atim that is being judged. The
illusion may reflect specific functional mechanisne$ating to the preparation of co-
ordinated action across changes in effector séetesuch, further study could provide

valuable insights into the sensory-motor contrallgriamic behaviour.

Experimental procedures

Short/long/double reaches to a tactile stimulus. Subjective seconds were calculated
using logistic regression, with subjects rejected eaeplaced when a significant fit
was not obtained in all conditions. 24 subjects pleted six blocks in each condition
(fully counterbalanced) a further 6 having beercetgd. Subjects fixated an on-screen
cross (Sony Trinitron monitor, refresh rate 60 lizjhe centre of & 10° rectangular
window. In the double reach condition, they relelaaeswitch (built in house) and
reached across to a target strain gauge, briefighiog an intermediate strain gauge
en route (F259 button load cell and calibrated lamdl amplifier: Novatech
Measurement Ltd; D150 amp: Digitimer). In the lomgach condition, the
intermediate strain gauge was removed. In the skarth condition, it was replaced
with the release switch. Fixation was monitoredt (kye) using an infra-red eye

tracker (Microguide 1000 spectacles, low-pass rélie at 40 Hz). Trials were

11



automatically rejected if the eye moved outside.3f Horizontal region centred on
fixation, or if the experimenter noticed a saccaflany size in the on-line display.
The tactile stimulus at the reach destination tedi of a second identical strain
gauge set upon a vibrator (101 vibrator: Ling DymaBystems (LDS); PA25E amp:
LDS). The duration of the first 120 Hz oscillatigmeriod was controlled using a
MOBS procedure [22] (low boundary 600 ms, high kamy 2000 ms, initial
presentation random 1100-1500 ms, five reversalenminate). An accelerometer
(Specialised Laboratory Equipment: tremor transdus@s attached to the subject’s
right (reaching) index finger. Its signal was pass& an AC amplifier (D150 amp:
Digitimer; band pass filtered 0.032-300 Hz). Alijisals were sampled at 200 Hz. The
times at which the subject contacted the targeirsfgauge and contacted/lifted off
from the intermediate strain gauge were calculsatbmatically. By default, a
second order 30 Hz low-pass Butterworth filter vegeplied to both strain gauge
signals in both forward and reverse directions revent any phase shift (additional
options: 10, 20, or 30 Hz high cut frequencl® ar 5" order; used occasionally to
provide better contact time estimation). Filteréghals were searched for a sudden
rise (fall) using a combined criterion: both abselualues and their first derivatives
were compared to threshold values based on baadkdrsignal noise. Estimated
contact/release times were displayed and coulddpestgd on line. The vibrator and
other reach apparatus was set upon a desk isdtatada second desk upon which a
chin rest was mounted (eye to screen distance 4l The experiments were
controlled by a PC interfaced with a 12 bit A/D ¢gNational Instruments DAQ
1200). To eliminate auditory cues, a second PC rgéed constant noise (combined
60 Hz and 120 Hz pure tones) delivered via headghat 80-85 dBa. In a pre-

experimental two-forced-choice test, subjects watrehance to detect the vibrator's
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movement without touch while fixating and wearirgpphones (mean 52% correct;
p > 0.05).

Reach/blind reach to a tactile target. Based on 10 subjects (blocks presented in
random order; pressure control block never first)the pressure control condition,
force levels displayed in all conditions on an bescope (Gould DSO 1604) were
used by the experimenter to instruct subjects. @icy goggles (PLATO visual
occlusion spectacles: Translucent technologiesg warn throughout and activated
in the blind reach condition. DC Electro-oculogral@dA22 amp: Techtronix; low-
pass filtered at 100 Hz) replaced infra-red eyekirey. Reference stimulus duration
was 500 ms. MOBS parameters were: low boundaryn2§)thigh boundary 1000 ms,
initial presentation random 400-800 ms, five reakygo terminate. Subjects were
again at chance to detect the vibrator without lhoaca pretest (mean 52% correct; p
> 0.05).

Short/long/double reach to trigger a visual stimulus. Based on 24 subjects (3
rejected). Subjects reached to intermediate angettaswitches rather than strain
gauges, and received no masking noise. Referentgvah 1000 ms. MOBS
parameters were: low boundary 400 ms, high bountil&®) ms, initial presentation
random 800-1200 ms, five reversals to terminate.

Reach to/press to trigger a visual stimulus (x2). Based on 6 subjects (fully
counterbalanced). Reference interval 500 ms. MO&3meters were: low boundary
100 ms, high boundary 900 ms, initial presentataordom 300-700 ms, five reversals

to terminate. Screen refresh rate was 120 Hz.
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Figurelegends

Figure 1. Schematic comparing the time course ofameent production and stimulus

presentation across experiments (single movemelittons).

(A) Typical sequence for previously reported saccalliormostasis experiments [1].

(B) Sequence for first experiment involving reachingtabrating tactile stimulus.

Oscillations are shows at 1/1@ctual rate.

(C) Sequence for first experiment involving reachingrigger a change of screen

colour.

Figure 2. Apparatus and signals recorded in fixpeement involving reaching to a

vibrating tactile stimulus.
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(A)

(B)

Schematic of experimental apparatus showing afnoah a double reach block.
The hand is shown resting on (obscuring) the releastch.

Signals recorded following movement initiation itypical double reach trial and
displayed to the experimenter for modification/cgjgn. Top = accelerometer;
top middle = target strain gauge; bottom middlenteimediate strain gauge;
bottom = eye position. Vertical lines show compugtdin gauge contact and
release times (dotted for intermediate, solid &mgét; see methods). Note that the
accelerometer picked up the target strain gaugéisation following finger
contact. No formal calibration was carried out imstexperiment, but the
experimenter’s online display also showed modigabigh/low range values

around the eye tracker trace.

Figure 3. Mean subjective duration values in apleriments. Error bars show

standard deviations.

(A) Short/long/double reaches to a vibrating tactil@gius. Short and long reaches
took an average of 251 ms and 370 ms respectiM¥elydouble reaches, the first
(35 cm) component took an average of 295 ms, thenske(15 cm) component an
average of 247 ms, and subjects depressed thengdete strain gauge for an
average of 73 ms (total time = 615 ms).

(B) Short/long/double reaches to a switch that trigdg@rehange of screen colour.
Short and long reaches took an average of 311 thd48 ms respectively.
Double reaches took 349 + 301 + 85 = 735 ms.

(C) Visual/blind reaching to a vibrating tactile stimal Reaches (15 cm) took an

average of 269 ms with vision, 259 ms without. Tawech control condition

17



involved lightly touching the vibrator; the presswontrol condition involved the
application of force to mimic conditions followiragreach.

(D) Reaching to/pressing a switch triggering a whitezklcolour sequence. Reaches
took an average of 294 ms.

(E) Reaching to/pressing a switch triggering a liglgygalark grey colour sequence.

Reaches took an average of 299 ms.

Figure 4. Average signals time locked to compuéeddt contact time for reaches
made by a single subject in an experiment manimgjahe availability of vision.
Based on 51 and 66 trials with (A) / without (B¥in respectively. Note that the
algorithm was slightly conservative in determingantact time, leading to an
underestimation of effect size (true for all subg@cFor comparison with eye position
signals, the target strain gauge was > 10° fronfixa¢éion point. No subject’s

average trace deviated by more than 1°.
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Figure 1 (Yarrow and Rothwell)
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Figure 2 (Yarrow and Rothwell)
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Figure 3 (Yarrow and Rothwell)
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Figure 4 (Yarrow and Rothwell)
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