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Highlights

e We assessed the dynamics of pupil-linked arousal system during short-term force-
field adaptation paradigm in humans.

e Pupil dilated in both online and offline manner to movement error induced by force
perturbation.

e The pupil responses showed a habituation-like reduction in the sensitivity to error size
when faced with multiple reversals in perturbation.

e Arousal manipulation modulated single-trial motor learning in a baseline-dependent
manner.
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Abstract

Research in reward-based decision-making showed that humans and animals dynamically
modulate learning rate according to their belief about environmental change (volatility) and
surprise about observation. Recent evidence also suggests that neuromodulator noradrenaline
(NA) signals volatility and surprise. Despite the rich anatomical evidence suggesting the
potential influence of NA on the motor system, it is still elusive how NA and
volatility/surprise affect human motor learning. To address this issue, we ran a series of
experiments in which we simultaneously tracked the pupil diameter, a non-invasive proxy for
the central NA/arousal activity, during a short-term force-field reach adaptation paradigm. A
sudden increase in error due to the force-field resulted in increased pupil dilation during
movement followed by an elevated baseline diameter in the following trials. These online and
offline pupil responses showed a consistent pattern with surprise and volatility simulated by a
recent computational model which dynamically adjusts learning rate according to volatility
estimated from experienced error (surprise). However, unlike the model’s prediction, when
participants experienced frequent reversals in force-field, the size of pupil responses rapidly
diminished regardless of large errors induced by reversals. We further confirmed that the
causal manipulation of participants’ arousal by task-irrelevant auditory stimuli modulated the
single-trial motor learning rate. Collectively, these results provide a compelling evidence that
NA/arousal system acts as a common modulator of learning rate in both cognitive and motor
domains. Rapid reduction in pupil responses at reversals suggests that error sensitivity for
computing current environmental uncertainty and surprise is also highly dynamic.
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Introduction

Learning from an error to adjust one’s action is an essential part of daily life. In the uncertain
and dynamically changing world, it is likewise essential to know to what degree one should
learn from a given error. For instance, a batter should be insensitive to an error caused by
random fluctuation in wind but quickly adjust their swing based on an error that was caused
by the pitcher switching from throwing a fastball instead of a changeup. In this sense, an
optimal learner must take the multiple sources of uncertainty (e.g., random noise or true
change in the environment) into account to dynamically adjust learning rate. It is still elusive
how the central nervous system represents such multiple sources of uncertainty and adjusts
learning rate based on such information.

One possible way to dissect uncertainty is to divide it into expected and unexpected
source. Or said another way, uncertainty can be systemically attributed to random noise in a
given environment (i.e., expected uncertainty) or to true environmental change (i.e.,
unexpected uncertainty) (Yu and Dayan, 2005; Soltani and Izquierdo, 2019). Under a
dynamically changing environment, normative approaches postulate the learning algorithms
that modulate the learning rate proportional to the unexpected uncertainty (Yu and Dayan,
2005; Behrens et al., 2007; Nassar et al., 2010; Mathys et al., 2011; Piray and Daw, 2020a).
The plausibility of such schemes in human learning has been extensively tested mainly in
cognitive learning tasks, such as reward-based decision-making paradigm, where the
volatility (rate of environmental change) often represents the unexpected uncertainty
(Behrens et al., 2007; Soltani and Izquierdo, 2019). Recent evidence suggests a tight link
between subjective volatility (and thus unexpected uncertainty), learning rate, and the activity
of central noradrenergic system (Yu and Dayan, 2005; Nassar et al., 2012; de Berker et al.,
2016; Jepma et al., 2016).

Anatomical evidence shows the widespread projections from the locus coeruleus
(LC), the central noradrenaline (NA) generating nucleus in the brainstem, to numerous brain
areas and suggests that NA plays a critical role in various cognitive and memory functions
(Doya, 2002; Galeotti et al., 2004; Sara, 2009; Szabadi, 2013). It has been suggested that one
potential function of NA is to signal unexpected uncertainty and modulate learning rate (Yu
and Dayan, 2005). Interestingly, the projection from LC also includes motor cortex and
cerebellum (Doya, 2002; Sara, 2009; Szabadi, 2013), structures critical for error-based motor

learning (Kitazawa et al., 1998; Imamizu et al., 2000; Diedrichsen et al., 2005; Inoue et al.,
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94  2016). Despite the fact, little is known how NA (and the volatility/unexpected uncertainty)

95  affect motor learning.

96 To address this issue, we ran a series of experiments in which we simultaneously

97  tracked the pupil diameter, a non-invasive proxy for the central noradrenergic/arousal activity

98  (Rajkowski et al., 1993; Aston-Jones and Cohen, 2005; Joshi et al., 2016; Joshi and Gold,

99  2020) during a short-term force-field reach adaptation paradigm (Lackner and Dizio, 1994;
100  Shadmehr and Mussa-ivaldi, 1994). Our aim was to characterize (1) how pupil reacts and
101  what sort of information is reflected in pupil size during this typically-used motor learning
102  paradigm and (2) to test the possible link between NA/arousal system and motor learning.
103 We show that the pupil responded to force-field perturbations in both an online and
104  offline manner; a sudden increase in error due to the introduction of force-field resulted in
105 increase in pupil dilation during movement which was followed by an elevated baseline
106  diameter in the following trials. These online and offline pupil responses gradually decreased
107  as the participants adapted to the force-field. Furthermore, when there were frequent reversals
108  in force-field direction, similar situation with the reversal learning in reward-based decision-
109  making, the peak size of these responses gradually declined, regardless of the same large
110  error experienced at every reversal. Finally, we also experimentally manipulated participants’
111  arousal state and confirmed the modulation of motor learning rate which was baseline-

112 dependent. These results provide a compelling evidence that NA/arousal system acts as a
113 common modulator of learning rate in both cognitive and motor domains, highlighting the
114  utility of pupillometry as a unique window into the motor system. Rapid habituation in pupil
115  responses at reversals suggests that error sensitivity for computing current environmental
116  uncertainty and surprise is also highly dynamic.

117
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118  Results

119 In Experiment 1 we assessed the characteristics of the pupil response patterns during a simple
120  Null-Perturbation-Null force-field protocol. In Experiment 2 we investigated how

121  participants’ pupil reacts to more complex perturbation schedules, which included

122 unexpected reversals of force direction (Exps. 2A, 2B, and 2C). In Experiment 3 we tested
123  whether and how pupil-linked arousal affects trial-by-trial learning rate by causally

124  manipulating arousal and assessing its influence on single trial motor learning.

125

126  Pupillometry during motor adaptation paradigm.

127  To get the first insight about how pupil changes during a typical motor adaptation paradigm,
128  we monitored 28 participants’ eyes while they performed a reaching task with a force-field
129  perturbation (Exp 1; Fig. 1A). To minimize measurement noise in pupillometry, we

130 instructed the participants to keep their eyes fixated on the target and to refrain from blinking
131  while they reached. The visual cursor feedback was occluded during reach. To minimize

132 brightness-induced changes in pupil size, visual stimuli were iso-luminant with respect to the
133  background (Fig. 1A). The participants showed a typical behavioral signature of force-field
134  adaptation. A sudden introduction of the perturbation force disturbed the smooth, near

135  straight hand trajectory (cycle 11, Fig. 1C) resulting in a large lateral deviation (cycle 14, Fig.
136  1C). The lateral deviations rapidly decreased with repeated reaches made under the

137  perturbation (cycle 32, Fig. 1C; Fig. 1D), and the sudden removal of the force perturbation
138  resulted in a large hand deviation towards the opposite direction (cycle 33, Fig. 1C; Fig. 1D),
139  asignature of motor adaptation. With further trials the trajectory (and movement errors)

140  returned to near-baseline level (cycle 52, Fig. 1C; Fig. 1D). The learning quantified in the
141  force channel trials also showed the typical learning curve (Fig. 1E).

142 The participants’ pupil dilated during movement (Fig. 1F). Analysis of the velocity of
143  the pupil dilation revealed that when the perturbation was unexpectedly applied, the pupil
144  exhibited additional dilation starting ~300 ms after movement onset and lasting until ~700 ms
145  after movement onset (Fig. 1G). The trial-by-trial change in the pupil dilation velocity

146  averaged over this window showed a sharp rise on the introduction of force field and gradual
147  decline as the participants adapted to the force field and the movement error decreased

148  (Fig.1H; Fig. 1D). Furthermore, the evoked pupil dilation (online pupil response) was also
149  followed by increased baseline pupil diameter in the following trial (offline pupil response)

150  (Fig. 11, black arrows) (t,7=-2.855, p=0.006, two-sample t-test). This pupil response pattern is
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151  consistent with recent views that task-induced pupil dilation and baseline pupil diameter may
152 reflect surprise (e.g., unsigned prediction error) and subjective uncertainty about the

153  environment (volatility), respectively (Preuschoff et al., 2011; Nassar et al., 2012). Visual
154  inspection also suggested the increased subjective uncertainty about the task after the short
155  rest periods as reflected in the slight increases in the baseline diameter at the beginning of a

156  new block (Fig. 1I).
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158  Figure 1. Pupillometry during force-field motor adaptation (Experiment 1). (A) Left: Experimental
159  setup used in Exp 1. Right: Schematics for a single trial. Participants were required to fixate on the
160  center of the target. (B) The perturbation schedule for the Exp 1. The manipulandum applied the

161  clockwise (CW) force field unexpectedly to the participants at the second block. The gray vertical
162  lines indicate the block boundary. The short gray vertical lines represent the force channel trial

163 where learning was quantified. (C) Hand trajectories of a representative participant. The cycles

164 shown (11, 14, 32, 33, and 52) correspond to baseline, early perturbation, late perturbation, early
165  washout, and late washout trials, respectively. (D) Mean lateral hand deviation at the peak tangential
166  handle velocity. Positive values correspond to rightward deviation. (E) Mean learning index

167  measured in the channel trials (once in a cycle). Learning index was the lateral force to the channel
168  at the time of peak velocity divided by peak velocity (i.e., viscosity). The red dots represent values for
169  perturbation trials (D, E). (F) A schematic example of pupil diameter timeseries during the current
170  reaching paradigm aligned to the reach onsets. In general, the pupil shows different baseline values
171  and dilates during reaches. On a sudden perturbation trial (trial=p), it strongly dilates. On the

172  following trials (trial=p+1), it shows higher baseline value (see also, arrows in panel I). (G) The
173 online pupil response to the force perturbation; the first time-derivative (=velocity) of pupil diameter
174  timeseries (F) averaged over the baseline trials (un-perturbed; black trace) or the first 5 perturbation
175  trials at the second block (perturbed; red trace). The gray area represents s.e.m. across the

176  participants. The two vertical dashed lines indicate the time of significant difference by running

177  paired-t tests. The dots on the y=0 line with different colors represents the significance levels (yellow:
178  p<0.05, green: p<0.01, blue: p<0.001, purple: p<0.0001). (H) Trial-by-trial changes in the pupil
179  dilation velocity averaged between 300 to 700 msec since the movement onset. (I) Trial-by-trial
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180  changes in the baseline pupil diameter. The red circles represent values for perturbation trials
181  (D,E,H,I). Error bars correspond to s.e.m. across the participants (D,E,H,I). The arrows indicates the
182  first two perturbation trials (upward: the first trial, downward: the second trial).

183
184 The pupil response features also showed the similar pattern with the surprise

185  (unsigned prediction error) and volatility signals simulated by a recent computational model
186  called Volatile Kalman Filter (VKF; Piray and Daw, 2020a) (Fig. S1). The VKF, representing
187  the current notion about dynamic modulation of learning rate by volatility, dynamically

188  adjusts learning rate according to the volatility estimated based on experienced prediction
189  error on a trial-by-trial basis and is able to reproduce a wide range of animals’ choice

190  behavior. As the model updates the volatility estimate based on the squared prediction error,
191  asudden change in the environment (i.e., force-field introduction) resulting in a sudden

192  increase in error size increased volatility estimate in the following trials, similar to the offline
193  pupil response to the force-field (see Methods).

194

195 Rapid meta-habituation of task-evoked pupil responses after repeated exposure to

196 change points.

197  The results from Exp 1 suggest that pupil diameter can be a good indicator of participants’
198  subjective degree of surprise and belief about environmental uncertainty (volatility) also in
199  motor learning paradigms. In Exp 2, to further get insights about how these variables are

200  reflected in more complex situation, we monitored pupil responses of another 29 participants
201  while they reach in the presence of force fields with unexpected reversals (Fig. 2A,B). The
202  basic response property of pupil dilation to the unexpected perturbation (first introduction of
203  force-field) was consistent between experiments 1 and 2 (Fig. 2C).

204 The participants were divided into three sub-groups (2A, B, and C) and experienced
205  different force field schedules (Fig. 2B). For instance, Exp. 2A and 2B were different in

206  frequency and timing of ‘change point’ in which the presence, absence, or direction of the
207  force field changed unexpectedly to the participants (see Methods). At the change points the
208  participants experienced sudden increases in the movement error (Fig. 2D) which imply the
209  change in the environment (i.e., the direction of force) and would transiently increase the
210  uncertainty about the current environmental identity, similarly to the case of probabilistic
211  learning task with change points (Nassar et al., 2012; Muller et al., 2019; Piray and Daw,
212 2020a). Thus, we expected that 1) increases in perturbation-evoked pupil dilation and

213  baseline pupil diameter following each change point (due to increases in error), and therefore,

214  2) differences in the change point statistics would lead to different profile of these online and
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215  offline pupil responses. Simulation of the three force field schedules (Fig. 2B) with the VKF
216  model (Piray and Daw, 2020a) predicted that the surprise (unsigned prediction error) and
217  volatility estimate also follow above expectations (Fig. S2).

218 Intriguingly, however, the participants’ pupil responded quite differently from the
219  above expectation. Except for the first few change points, both the pupil dilation velocity and
220  baseline pupil diameter showed rapid decline in response amplitude (Fig. 2EF; Fig. S2C.D),
221  despite the sharp increase in movement error at every change point (Fig. 2D). Such decrease
222 in pupil response to errors may imply that the error sensitivity for updating subjective

223  volatility and surprise may be more dynamic than currently assumed.
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225  Figure 2. Pupil responses in schedules with multiple reversals in force field. (A) Experimental setup
226  for the Experiments 2 and 3. (B) Perturbation schedules for the Exp 2 (Exp 2A, 2B, and 2C). The
227  green circles indicate the ‘change point’ trials where either magnitude (on/off) or direction

228  (CW/CCW) of the force-field changes in the middle of the blocks (changes across the blocks are

229  excluded). The gray vertical lines indicate the block boundary. (C) Time course of the pupil dilation
230  velocity averaged over the baseline trials (un-perturbed; black trace) or the first 5 perturbation trials
231  at the second block (perturbed; red trace), averaged over all sub-groups. The gray area represents
232  s.e.m.across the participants. The two vertical dashed lines indicate the time of significant difference
233 by running paired-t tests. The dots on the y=0 line with different colors represents the significance
234 levels (yellow: p<0.05, green: p<0.01, blue: p<0.001, purple: p<0.0001). (D, E, F) Trial-by-trial
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235  change in the mean lateral hand deviation at the peak tangential handle velocity (D), the evoked pupil
236 dilation velocity (E), and baseline pupil diameter (F) for the Exp 2A (first column), 2B (second

237 column), and 2C (last column), respectively. The colors of circles (black, red, and blue) indicates the
238  data for baseline, CW field, and CCW field, respectively. Positive values for the panel D correspond
239  to rightward deviation. The gray vertical lines indicate the block boundary. Error bars represent

240  s.e.m.across the participants. Trials at which the dot color changed indicate the change points.

241

242 To formally quantify the decline in pupil responses, we focused on how they behaved
243  around each change point. In the early perturbation trials, the participants’ pupil reacted

244  consistently with our expectation. Around the first change point, both the online and offline
245  pupil responses showed clear increase in response to the sudden introduction of the force

246  field (Fig. 3A,C), with the online pupil response increasing immediately on the change point
247  trial and the baseline diameter increasing in the next trial. However, as noted above, for the
248  subsequent change points the response amplitude in the baseline pupil diameter and the pupil
249  velocity showed a dramatic decline (Fig. 3B,D). A linear mixed-effect model on the baseline
250  pupil diameter confirmed the significantly negative slope on the change point (#,3,=-5.6,

251  p=5.7x107) after controlling for the random group/individual factors and the effect of

252 kinematic and endpoint errors at each change point (see Methods). This was unexpected

253  because the size of unsigned error increased almost two-fold at the second change point due
254  to the reversal of force field direction (Fig. 2D). Such reduced sensitivity to error is unlikely
255  due to fatigue or boredness alone, as the participants in Exp 2B already showed a large

256  decline in baseline diameter change already at the second change point (Fig. 3B) which was
257  still in the second block of the experiment (70th trial). Similarly, the pupil dilation velocity
258  showed decreased sensitivity to errors. Although there was no significant monotonic decrease
259  (#75=0.04, p=0.93, the same linear mixed-effect model without the effect of endpoint error) as
260  seen in the baseline pupil diameter, visual inspection suggested that this was due to the

261  sudden increase in the online pupil response on the 9-th change point for the Exp 2B data
262  (Fig.3D). In fact, the slope up until the 8-th cp was significantly negative even after

263  correcting for the error (#,,6=-2.2, p=0.027, linear mixed-effect model), suggesting the

264  diminished sensitivity to physical error in online pupil response, similar to the offline pupil
265  response to the change points. The increase in response amplitude seen in the pupil dilation
266  velocity (Fig. 3D; Exp 2B) may reflect the recovery from the habituation during the period of
267  constant perturbation direction between the 8-th and the 9-th change point (Fig. 2B), although
268  the interaction between change point (8 and 9) and group (Exp 2A and 2B) remained

269  marginal (x#=3.4, p=0.064, likelihood ratio test between models with vs. without

270  interaction). These results indicate that both online and offline pupil responses do not
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271  faithfully reflect the physical size of errors but exhibited some form of “habituation” to the
272  sudden increases in errors around the change points. Notably, as this is different from the
273  simple habituation to the repeated exposure to the certain force perturbation (e.g., reduction
274  in mean pupil dilation velocity in Fig. 1H), we have termed this “meta-habituation”. Meta-
275  habituation may possibly reflect the acquisition of the knowledge about task structure itself
276  (e.g.,the presence of change points), which is hierarchically higher than the task at hand (i.e.,
277  detail about the force-field).

278 Interestingly, such meta-habituation of surprise or subjective environmental

279  uncertainty, though it sounds intuitive, has not previously been mentioned in decision-making
280 literature where the relation between environmental uncertainty and pupil responses has been
281  most rigorously studied (e.g., Preuschoff et al., 2011; Nassar et al., 2012; Muller et al., 2019).
282  When we applied the same analysis to the data simulated by the VKF model (Piray and Daw,
283  2020a), the change in estimated volatility as well as the surprise (unsigned prediction error)
284  showed very similar patterns with our pupil response data for only the first change point. (Fig
285  3E-H). While the simulated volatility/surprise showed clear increase in change point-induced
286  response amplitude at the second change point and stayed large up until the 10-th change
287  point (Fig. 3F, H), the observed pupil response exhibited markedly different pattern (Fig. 3B,
288 D). This is due to the fact that the size of the prediction error has near-constant impact on the
289  update of volatility estimate in VKF and other similar class of models (Mathys et al., 2011;
290  Piray and Daw, 2020a). Our results thus demonstrate that in computing environmental

291  surprise and uncertainty, the sensitivity to incoming information (i.e., prediction errors) is not
292  fixed, but dynamically modulated.

293 We next asked whether/how the uncertainty/surprise signal that is reflected in pupil-
294  linked arousal affects the motor learning processes. However, it was not easy to directly

295  assess this question in the data from Experiment 1 and 2, as the design were not optimized for
296  the accurate quantification of motor learning. To answer the question, we ran another series

297  of experiments.

298
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Figure 3. Pupil responses around multiple change points. (A) Trial-by-trial change in the z-
transformed baseline pupil diameter around the first change point. Pre- and post-change point values
are defined by blue and red shades, respectively. (B) Amplitude of change point-induced baseline
pupil diameter change (difference between post- vs. pre-change point values in A) as a function of the
number of change points. (C) Trial-by-trial change in the z-transformed mean pupil dilation velocity
around the first change points. Similarly, pre- and post-change point values are defined by blue and
red shades, respectively. (D) Amplitude of cp-induced mean pupil dilation velocity change (difference
between post- vs. pre-change point values in C) as a function of the number of change points. (E-H)
The same analysis as A-D applied to the volatility estimate (E, F) and the surprise (G, H) simulated
by the Volatile Kalman Filter (VKF) model using the same perturbation schedules (Exp 2A-C). The
model parameters were estimated using the data from experiment 1. Note that, in F and H, the large
increase (decrease) at the second (11th) change point reflects increase (decrease) in movement error
due to the first force reversal (return to Null field) (see Fig. 2B, D). The error bars indicate s.e.m.
across the participants.

Manipulation of arousal state modulated trial-by-trial learning rate in a state-
dependent manner.

To further investigate the link between pupil-linked arousal state and trial-by-trial motor
learning, we designed another set of experiments that directly manipulated arousal state
(Exps. 3A and 3B). To accurately estimate trial-by-trial learning rate, we employed a single-
trial learning paradigm in which participants experienced a triplet of trials consisting of
channel, perturbation, then channel trial, spaced by 2-6 null-perturbation trials (Fig. 4A, B).
We quantified the single-trial learning by comparing the lateral force immediately before and
after the perturbation trial measured by force-channel (e.g., Gonzalez Castro et al., 2014). As
shown by Fig. 4D, the participants in Exp 3A and 3B exhibited similar amount of single-trial
motor learning. We quantified the single-trial learning as the integral of force time series
within the window from -200 to O msec relative to the time of peak movement speed (green
shades, Fig. 4D). To test the direct link between arousal state and learning rate, we
manipulated participants’ arousal state through task-unrelated auditory stimuli (IADS2,
Bradley et al., 2007) applied during the preparatory period for reaching during perturbation
trials (Fig. 4B). As presented by Fig. 4C, the auditory stimuli induced reliable pupil dilation
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331 according to its arousal scores (Low, High, or Null conditions) indicating that participants’
332  arousal states were manipulated accordingly.

333 As there is a known baseline-dependent (inverted-U type) relationship between
334  arousal and performance (Yerkes and Dodson, 1908), we analyzed the manipulation effect
335 taking individuals’ baseline arousal level, which was calculated as the normalized mean of
336  baseline pupil diameter throughout the experiment (see Methods), into account. As expected,
337  between-individual comparison of the learning data indicated the sign of the inverted-U
338  relationship between the single-trial learning vs. mean arousal (Fig. 4E, first and second
339  column). Interestingly, the comparison between High vs. Null/Low arousal conditions

340 indicated that the direction of the effect of arousal manipulation flipped as the participants’
341 mean arousal level increased (Fig. 4E, third and the last column), also consistent with the

342  inverted-U type effect of arousal.
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345  Figure 4. Arousal manipulation during single-trial motor learning paradigm. (A) An exemplar part
346  of the perturbation schedule for Exp 3A and 3B. Perturbation trials with channel trials immediately
347  before and after (B,C) were separated with trials with Null perturbation. (B) The single-trial learning
348  was quantified by measuring the lateral force output by participants immediately before and after the
349  perturbation trial by using channel trials. For the Exp 3A, either null, CW, or CCW velocity-

350  dependent force-field was applied, similarly to Exps 1 and 2 (left). For the Exp 3B, either CW (30
351  degree), CCW (-30 degree) or straight (0 degree) trajectory clamp was applied as perturbation to get
352  better control of kinematic errors (right). Arousal manipulation was applied on the selected

353  perturbation trials in randomized order. (C) Averaged time course of baseline pupil diameter change
354  during pre-movement period for Null-sound (black), Low-arousal sound (magenta), and High-arousal
355  sound (gold yellow). The presentation of IADS2 auditory stimuli (Bradley and Lang, 2007) started at
356  time=0 and lasted for 6 seconds. For Null-sound condition, pre-movement period was set to 1500-
357 2000 msec. (D) Averaged time series of single-trial learning (difference between force output at

358 channel 2 vs. channel 1 trials, red: CW, black: Null, blue: CCW) for Exp 3A (left) and 3B (right).
359  Trial-by-trial single-trial learning was assessed as the force impulse integrated over the time window
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360  of [-200 ~ 0 msec] relative to the time of peak velocity (the green shades). (E) Individuals’ single-trial
361  learning values plotted over corresponding individuals’ mean arousal (average of baseline pupil

362  diameter for non-perturbation trials normalized by individuals’ pupillary light reflex amplitude, see
363 Fig. 83) averaged over all conditions (1st column), Null / Low conditions (2nd column), or High

364  condition (3rd column). The gray dots represent individual participants’ data. The black dots

365 represent the median calculated over the 10, 25, 50, 75, and 90 percentiles of mean arousal. The

366  error bars represent the median absolute deviation. Comparison between High vs. Null/Low averages
367  is shown on the 4th column for visualization purpose.

368
369 To more accurately assess the effect of arousal manipulation on the single-trial motor

370  learning, we compared z-scored single-trial learning data between High vs. Null/Low

371  conditions, controlling for the effect of error size and other confounding factors (see

372  Methods). The resultant pairs of z-scored delta-learning values and mean arousal clearly
373 indicated the presence of inverted-U type relationship between individuals’ arousal and

374  single-trial motor learning rate; increasing arousal by manipulation increased learning rate
375  when the participants were in lower arousal level, but decreased it when the participants were
376  in higher arousal level (Fig. 5). If there was no overall effect of arousal manipulation as well
377  asno relationship between arousal manipulation effect and participants’ mean arousal, the
378  data should distribute evenly over the four quadrants defined by z=0 and the median arousal
379  lines. In contrast, we found significantly higher density over the second and the fourth

380 quadrants as evident in the density map (Fig. 5, likelihood ratio test, G = 7.67, p = 0.0056).
381  Thus, our data shows that the pupil-linked arousal (and environmental uncertainty and

382  surprise it reflects) has direct effect on trial-by-trial motor learning rate in a baseline-

383  dependent manner.
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385  Figure 5. The baseline-dependent effect of arousal manipulation on single-trial motor learning.
386  The effect of arousal manipulation on single-trial learning was individually assessed by first z-scoring
387  the single-trial learning (e.g., Fig. 4E) and then comparing between High vs. Null/Low conditions.
388  The resultant z-scored delta-learning values of the individual participants were plotted over their
389  mean arousal (black dots: participants for Exp 3A, white dots: participants for Exp 3B). The kernel
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390  density estimates of overall observations (x-y pairs) indicates that the arousal effects on single-trial
391  motor learning are significantly more concentrated in the second and the fourth quadrants than
392  chance (G = 7.67, p = 0.0056), indicating positive/negative effect for participants with lower/higher
393  mean arousal level. The horizontal and vertical lines represent zero effect and median of mean

394  arousal, respectively. The histograms for delta-learning (upper left) and mean arousal (lower right,
395 the dashed line denotes the median arousal value) are also shown.
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396 Discussion

397  In the present study we simultaneously monitored pupil diameter as a non-invasive proxy for
398 the activity of central noradrenergic/arousal system while human participants perform typical
399  motor learning tasks. Our results are on the one hand consistent with the recent view that the
400  pupil-linked arousal reflect participants’ subjective uncertainty about environment as well as
401  surprise about observations (e.g., unsigned prediction errors) (Preuschoff et al., 2011; Nassar
402  etal.,2012; Lavin et al., 2014; Murphy et al., 2016; Muller et al., 2019; Vincent et al., 2019)
403  (Exp 1). On the other hand, our results further revealed (a) the novel meta-habituation of
404  these subjective uncertainty/surprise to perturbations which was not solely explained by

405  fatigue or boredom (Exp 2) and (b) the evidence of modulation of trial-by-trial motor

406  learning rate by the pupil-linked arousal (Exp 3). These findings imply that the subjective
407  uncertainty/surprise can modulate the trial-by-trial learning rate also in the motor system
408 through pupil-linked arousal system.

409

410  Uncertainty and motor learning

411  Statistically optimal learning algorithms take multiple sources of “uncertainty” into account
412  to dynamically modulate learning rate. One such algorithm is the Kalman filter (Kalman,
413  1960) which dynamically modulates the learning rate (the Kalman gain) by optimally

414  balancing between the uncertainties in terms of observation noise and current estimate of the
415  state, assuming the environment itself is stable. It has been repeatedly suggested that the
416  humans also employ such Kalman filter-like adjustment of the learning rate both in motor
417  (Wolpert et al., 1995; Baddeley et al., 2003; Burge et al., 2008; Wei and Kording, 2010) and
418  other domain of learning (Rao, 1999; Shibata et al., 2009). When the environment itself can
419  also change, learning algorithms need to additionally estimate how volatile the current

420  environment is and take it into account for the update of learning rate (Yu and Dayan, 2005;
421  Behrens et al., 2007; Nassar et al., 2010; Mathys et al., 2011; ligaya, 2016; Piray and Daw,
422  2020a). While the plausibility of such volatility learning models in human learning has been
423  extensively tested mainly in the context of reinforcement learning using decision-making
424  tasks (Behrens et al., 2007; Nassar et al., 2010, 2012; Mathys et al., 2011, 2014; de Berker et
425  al.,2016; Soltani and Izquierdo, 2019), less attempts have been made in the motor learning
426  field, except for a few recent studies (Huang and Shadmehr, 2009; Gonzalez Castro et al.,

427  2014; Herzfeld et al., 2014). Together with these previous results, our data provides
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428  compelling evidence that motor learning rates are dynamically modulated by environmental
429  uncertainty, possibly through the NA/arousal system.

430 One intriguing question is whether and to what degree each of the “explicit” and

431  “implicit” components of motor learning (Taylor and Ivry, 2011; Taylor et al., 2014;

432  Schween et al., 2020) is involved in the uncertainty/surprise-driven modulation of motor

433  learning rate. As we did not employ the experimental design that explicitly quantified these
434  components, this is still an open question. Notably, however, a very recent study (Albert et
435  al.,2021) demonstrated that the learning rate for the “implicit” motor learning process is

436  sensitive to environmental statistics (e.g., perturbation consistency), suggesting that the

437  “implicit” motor learning process is likely modulated by environmental uncertainty/surprise.
438

439  Pupil diameter, central noradrenergic activity, and uncertainty

440  Under constant light, pupil diameter is known to reflect the central noradrenergic (NA)

441 activity (Rajkowski et al., 1993; Aston-Jones and Cohen, 2005; Joshi and Gold, 2020), or at
442  least the balance between sympathetic (mediated by NA) and parasympathetic (mediated by
443  acetylcholine, ACh) tones (Steinhauer et al., 2004; Szabadi, 2013). Computationally, it has
444  been hypothesized that NA signals the unexpected uncertainty, ACh signals the expected
445  uncertainty, and the balance between these neuromodulators is crucial for optimally adjusting
446  the learning rate (Yu and Dayan, 2005). Consistent with this theory, recent accumulation of
447  evidence suggests that the task-evoked phasic change in pupil diameter may reflect some
448  “unexpectedness”, such as surprise (e.g., degree of violation from expectation) (Preuschoff et
449  al.,2011; Kloosterman et al., 2015; Alamia et al., 2019; Joshi and Gold, 2020), as well as that
450  baseline pupil diameter may reflect subjective uncertainty about current environmental

451  identity (e.g., subjective estimate of environmental volatility) (Jepma and Nieuwenhuis,

452  2011; Nassar et al., 2012; Muller et al., 2019; Filipowicz et al., 2020). Our data is in line with
453  this notion in that perturbation-evoked pupil dilation and baseline pupil diameter showed
454  similar pattern with surprise (or unsigned prediction error) and model-estimated volatility,
455  respectively, especially for the first few perturbation events. How, then, are NA and/or ACh
456  activities related to the online and offline pupil responses we observed? Notably, a recent
457  rodent study has reported that while slow pupil diameter change on the timescale of a few
458  second is correlated with the cortical level of both the NA and ACh, more rapid change in
459  pupil diameter and dilation velocity on shorter timescales is more strongly correlated with

460 NA than ACh (Reimer et al., 2016). Thus, the perturbation-evoked pupil dilation during
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461 reaches is more likely reflect the phasic burst of NA activity signalling unexpectedness, while
462  the trial-by-trial change in baseline pupil diameter may reflect the mixed effect of how

463  cortical NA and ACh signal expected and unexpected events. Interestingly, recent studies
464  reported in the early period of human motor adaptation the transient increases in muscle co-
465  activation (Franklin et al., 2008), long-latency stretch reflex gain (Coltman and Gribble,

466  2020), as well as muscle spindle firing (Dimitriou, 2016). These modulations may, thus, be
467  associated with transient increase in the subjective uncertainty about the environment and
468  resultant increase in baseline NA (and maybe ACh, as well) activity.

469 Whereas NA may play a key role in modulating muscle/spindle activation patterns
470  and transcortical reflexes via respective LC projections to both to the spinal cord and the

471  motor cortex (Szabadi, 2013), serotonin (5-HT) is also known to modulates the muscle

472  reflex-gain in human spinal cord (Wei et al., 2014). A very recent study has reported that the
473  activity of dorsal raphe (DR) 5-HT neurons in mice also tracks environmental uncertainties
474  (Grossman et al., 2020). However, bidirectional connection between DR and LC (Szabadi,
475  2013) complicates tracking the origin of uncertainty signal reflected in these

476  neuromodulators. It is also important to note that LC also receives inputs from the superior
477  colliculus (SC) which also leads to pupil dilation (Corneil and Munoz, 2014). Although we
478  carefully removed trials with saccades, some of observed online pupil dilation might reflect
479  this more automatic orienting response to the perturbation. Nevertheless, the clear modulation
480  of pupil dilation we observed suggests at least that such orienting response too is under the
481  influence of the background LC activity which reflects environmental uncertainty. Overall, as
482  the pupil diameter is an indirect and not a pure measure of central NA activity, more direct
483  approach, such as invasive animal study or pharmacological manipulation, is required to

484  further elucidate the roles of these neuromodulators (i.e., NA, ACh, and 5-HT) in the motor
485  learning process.

486

487  Meta-habituation of pupil responses and acquisition of task knowledge

488  One novel finding that has not been well documented in the previous studies is the rapid

489  reduction of surprise/uncertainty-like pupillary responses at force field change points across
490 repeated exposures (experiment 2). We have called this meta-habituation, which may indicate
491 the dynamic partitioning of uncertainty into expected vs. unexpected sources over the course
492  of task experience, presumably through the interaction between bottom-up and top-down

493  processes in assessing environmental uncertainty and surprise about observations (Filipowicz
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494  etal., 2020; Joshi and Gold, 2020). In other words, acquisition of higher-level knowledge
495  about the task structure (i.e., the presence of change points) might have made the sudden
496  increase in motor errors no longer surprising, but somehow “expected”. This idea fits well
497  with the hypothesized roles of NA and ACh as indicators of unexpected and expected

498  uncertainty (Yu and Dayan, 2005) and the fact that tonic, baseline pupil diameter likely

499  reflects the balance between the two neuromodulators (Steinhauer et al., 2004; Szabadi, 2013;
500 Reimer et al., 2016); The initial increase in unexpected uncertainty (NA) in earlier change
501 points may have been gradually overridden by the slower increase in expected uncertainty
502  (ACh) following the acquisition of the knowledge about the task structure. Consistent with
503 this idea, a recent study has demonstrated that the pupil dilates in response to novel and

504  unexpected objects, while it constricts to novel but expected objects (Kafkas, 2021).

505  Similarly, the dynamic change in the sensitivity of online pupil dilation to movement errors
506  observed in Experiment 2 resembles the scaling of reward prediction errors by the expected
507  variability in rewards (Preuschoff and Bossaerts, 2007; Diederen and Schultz, 2015).

508 It is also conceivable that the acquisition of knowledge about the task structure may
509  spontaneously proceed in a hierarchical manner (Collins and Frank, 2013; Sarafyazd and
510 Jazayeri, 2019). In the current study, it would be reasonable to assume that the participants
511 represented the task environment following a hierarchical structure shown in the Figure. 6A.
512  Although highly speculative and needs direct test in future studies, the level of

513  uncertainty/surprise accompanying the (estimated) state transition would be proportional to
514 the vertical, across-hierarchy, distance it requires when moving from one state to another. For
515 example, (estimated) transition within the same tree (e.g., between CW and CCW in Fig. 6A)
516  accompanies lower uncertainty/surprise compared to that across the trees once the task

517  structure is known (e.g., between Null and Perturbed, or between Experiment and Daily life
518 in Fig. 6A). These assumptions are consistent with the common observation that baseline
519  pupil diameter almost always shows highest value at the beginning of the whole experiment
520 (i.e., transition from daily life state to experiment state), but the size of modulations by

521  experimental manipulations rarely exceeds the initial baseline diameter and gradually

522  diminishes with time, as the participants get more experience about the experiment. Recent
523  evidence also suggests the (reword) prediction error (Zacks et al., 2011; Rouhani et al., 2020)
524  as well as phasic pupil responses (Antony et al., 2020; Clewett et al., 2020) signals the

525  subjective belief about environmental (contextual) change which helps to create event

526  boundaries in memory structures (Clewett et al., 2020; Rouhani et al., 2020).
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529  Figure 6. Hypothetical relationship between hierarchical state estimation/transition and
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530 environmental uncertainty/surprise. (A) A likely hierarchical representation of task and

531  daily life states for the current experiment. (B) A possible time-course of pupil diameter (and
532  subjective environmental uncertainty). The degree of elicited uncertainty (pupil diameter) is
533  proportional to (subjective) “across-hierarchy” distance between the two states (vertical
534  double arrows on the right of panel A.

535

536 Learning of higher-level task features (e.g., change points) certainly requires longer

537  period of observation than that of lower-level task features (e.g., direction of force

538  perturbation). We thus speculate the process of meta-habituation involves multiple, or at least
539  two, timescales of memory updating with shorter timescales likely corresponding to the

540 update of unexpected uncertainty and the longer timescales corresponding to the update of
541  expected uncertainty. Although the exact underlying computation is still unclear, several

542  recent computational studies might help to understand dynamics in updating subjective belief
543  about unexpected and expected environmental uncertainty. First, Piray and Daw (Piray and
544  Daw, 2020b) proposed the extended version of their original VKF (Piray and Daw, 2020a)
545 that explicitly estimates volatility (= unexpected uncertainty) and unpredictability (=

546  expected uncertainty), which was fixed in the original VKF, on the trial-by-trial basis. Next,
547  and perhaps more related to our above idea of hierarchical task-feature learning, Heald et al.
548  (Heald et al., 2020) proposed a (motor) learning algorithm that simultaneously estimates

549  necessary (motor) output and current environmental state (context) based on hierarchical

550 Dirichlet process mixture modelling. At each trial, the model emits the probability that the
551  current state is novel, similar to the environmental uncertainty. While both Bayesian models
552 rely on computationally more extensive sampling-based learning method, unlike the

553  typically-used delta-rule type learning algorithms (Mathys et al., 2011; Piray and Daw,

554  2020a), due to their complexity, whether the brain actually employs the sampling-like

555  learning is currently under debate (Fiser et al., 2010; Pouget et al., 2013).

556
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557 Baseline-dependent modulation of motor learning rate by pupil-linked arousal system
558  Asthe LC’s rich innervation throughout the brain includes areas crucial for motor learning,
559  such as motor cortex and cerebellum (Sara, 2009; Szabadi, 2013), we expected that the

560  background NA activity could affect the error-based motor learning process in humans.

561  Several earlier rodent studies have suggested the critical role of adrenergic receptors in the
562  cerebellum in acquisition of new motor skills (Watson and Mcelligott, 1984; van Neerven et
563 al., 1990; Tan et al., 1991; Heron et al., 1996; Cartford et al., 2004). The current study

564  demonstrated for the first time in humans that NA/arousal system can modulate motor

565 learning rate in a baseline-dependent manner. Similar baseline-dependent effect of arousal
566  manipulation has also been reported in the previous decision-making studies with auditory or
567  pharmacological manipulation of NA/arousal (Nassar et al., 2012; Jepma et al., 2016, 2018).
568  Together, our finding thus underscores the common role of the NA/arousal activity in

569  modulation of the learning rate in both cognitive and motor domains in humans.

570 The baseline-dependent manipulation effect indicates the inverted-U relationship

571  between NA/arousal and learning rate (Yerkes and Dodson, 1908). Such inverted-U

572  relationship implies distinctive functions of NA at different concentrations, potentially

573  through the different adrenergic receptor families: the alpha-1, the alpha-2, and the beta

574  receptors. Whereas a large body of evidence, mainly in the context of PFC function, suggests
575  that the recruitment order of NA receptors along the low to high NA concentrations is alpha-
576  2,alpha-1, and then beta receptors (Ramos and Arnsten, 2007; Atzori et al., 2016), some
577  studies have reported the opposite (i.e., beta at lower concentrations and alpha-2 at higher
578  concentrations) in the cerebellum (Basile and Dunwiddie, 1984; Wakita et al., 2017). A

579  recent study has shown that the NA can selectively reduce the release probability in the

580 climbing fibre synapses on cerebellar Purkinje cells via the alpha-2 receptor which results in
581 reduced plasticity at the parallel fiber-Purkinje cell synapses (Carey and Regehr, 2009).

582  Therefore, although more work is needed, this at least explains the smaller learning rate at
583 either lower or higher extreme of NA concentrations (arousal). The declined learning rate for
584  very large movement errors (Wei and Kording, 2009) could be explained by the similar effect
585  of too-high NA/arousal induced by experiencing very large error.

586 LC also receives input from various brain regions, such as the amygdala (Bouret et
587  al., 2003; Szabadi, 2013). In fact, strong stress (e.g., fear) leads to higher NA concentrations
588  (Atzori et al., 2016) which facilitates the formation of fear memory mediated by the beta

589  adrenergic receptor in an amygdala-dependent manner (Strange et al., 2003). This leads to an
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590 interesting possibility that not only environmental uncertainty, but also emotional/mood

591 states could affect motor learning through NA/arousal system. In conclusion, our results

592 indicate the importance of NA/arousal system in motor learning both in the context of sports
593  and rehabilitation and highlight the utility of pupil diameter as a new interesting window into
594  the motor system.

595
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596  Materials and Methods

597

598 Participants:

599  We recruited 28, 30, 27, and 30 right-handed participants with no history of neurological
600  disorders for Experiment 1, 2, 3, and 4 respectively (73 males, 38 females, age: 19-37). They
601  participated in the current study after providing written informed consent. All the

602  experimental protocols were approved by ethical committees of the University of Western
603  Ontario (Experiment 1), Osaka University (Experiment 2), and Center for Information and
604  Neural Networks (Experiment 3).

605

606  Experimental settings:
607 General settings:

608  The participants were instructed to make straight center-out reaching movement from a

609  starting position to a goal target in a 2D plane holding the handle of a robotic manipulandum.
610  The starting position (white circle, 1.6 cm diameter), the target (gray circle, 1.6 cm diameter),
611  and the participants’ current hand position (white dot cursor, 0.5 cm diameter) were displayed
612  on LCD monitors. Throughout the task, we monitored the participants’ eye gaze and pupil
613  diameter using eye trackers (EyeLink 1000, SR Research Ltd., Ontario, Canada). To reduce
614  the impact of unnecessary eye movements on pupillometry measurement, participants were
615 required to always maintain fixation on the center of the goal target. Before the main

616  experimental session, the participants went through a familiarization session with continuous
617  visual feedback of their current hand position (i.e., the cursor). In the main experimental

618  sessions, online visual feedback of the cursor during movement was removed and only

619  terminal feedback was provided at movement offset. The colors used for the start position
620  (gray), target (gray/green), background disk (pale blue), and endpoint feedback (magenta)
621  were adjusted to ensure that they are approximately iso-luminant (details are provided in

622  Table 1).

623 At the start of each trial, the robot’s handle automatically moved the participants’

624  hand into the starting position. During a trial, the participants maintained the cursor at the
625  start location for 1 second while maintaining fixation to the center of target. Following this
626  period, we measured the participants’ pupil diameter for variable duration (3-11 sec). The
627  start position would then change to green, informing the participants to initiate reaching.

628 Movement was defined as the period where the hand movement velocity was above a
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629  threshold (3.5cm/sec). At the completion of a reaching movement, endpoint feedback was
630  provided by a magenta cursor (0.5 cm diameter) for 1000 msec.

631 We introduced a velocity-dependent curl force field (Shadmehr and Brashers-Krug,
632 1997) to establish the relationship between the pupil response and the motor adaptation. The
633  force field was applied according to an equation

o34 71=15% I ®
635  where f, and f;, are the force applied to the handle (N), v, and v,, are the velocity of the
636  handle (m/s) for x- and y-directions, respectively. For the clockwise (CW) force field, the
637  viscosity coefficient B [N/(ms')] had positive values and for the counter-clockwise (CCW)
638 field B had negative values. To quantify adaptation to the force field, we occasionally

639  introduced “channel” trials, in which the handle motion was constrained on straight path

640  between the home position and the target by simulated dumper and spring (Scheidt et al.,
641  2000), to measure the force applied to the channel.

642 To make inter-participant comparison of pupil diameter interpretable, we additionally
643  measured the physiological limits of pupil diameter within each participant by eliciting

644  pupillary light reflex by changing the background color of the display from light blue to

645  white (higher luminance) or black (lower luminance) (Table 1). These measured pupil limits
646  were used for the within-individual normalization of pupil diameter data (Fig. S3).

647
648 Experiment 1:

649  Experiment 1 was conducted at the Brain and Mind Institute, University of Western Ontario
650  (Ontario, Canada). The self-reported right-handed participants (n = 28; 13 males, 15 females;
651  age: 24.3 £4.5) sat on a height-adjustable chair and held a handle of a robotic manipulundum
652 (1000 Hz control rate) (Reichenbach et al., 2014). The position of the handle was represented
653  as a cursor (white dot) by an LCD monitor (60 Hz update rate) placed directly above the

654  handle to prevent the vision of the hand. The start position (white circle), goal target (gray
655 circle), and a background (light blue circle, 15 cm diameter) to prevent sharp luminance

656  change around the target were also presented on the display throughout the task (Fig. 1B).
657  The eye tracker was mounted on the display to monitor participants’ eye gaze and pupil

658  diameter (Fig. 1A). The approximate distance between participants’ eyes and the center of the

659  monitor was 16 cm.
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660 An experimental session consisted of 5 blocks of trials (59 trials per each, except that
661 the fourth block consisted of 44 trials). There were short breaks (up to 1 min) inserted

662  between the blocks. On each block, the first and the last 2 trials were used to measure the
663  simple pupil light reflex of the participants. In each of these “light reflex” trials, the LCD
664  screen was suddenly turned either black or white for 2000 msec. The pupil response was

665  measured during and up to 3000 msec after the termination of the black/white color stimulus.
666  The response strengths (i.e., trough for constriction, and peak for dilation) were averaged
667  over the blocks and used to normalize individual pupil diameter during the main task.

668  Following the initial “light reflex” trials participants performed 55 trials of center-out

669  reaching task. On each trial, after confirming stable eye fixation (1000 msec of fixation

670  without any blink) on the target and the cursor staying within the home position, the goal
671  target turned green after variable delay (1000-1500 msec) cueing the reaching movement. To
672  prevent possible predictive/reflexive eye movement and/or pupil dilation due to a moving
673  cursor, visual feedback of the cursor was removed during movement and participants were
674  instructed to maintain fixation on the center of the target. Terminal end-point feedback was
675  provided with a near-isoluminant magenta cursor for 1000 msec when the cursor speed was
676  less than 1 cm/sec w. After the feedback period, the robot handle automatically returned to
677  the home position and then the next trial started.

678 Experiment 1 employed the typical Null-Force-Null paradigm. The force field was
679  introduced at the 11th trial of the second block and removed at the 11th trial of the fourth
680  block (Fig. 1B). The participants were not informed of on which trial the perturbation is

681  introduced or removed in advance. Twenty participants were exposed with CW force field [B
682 =0.151n Eq. (1)] and the remaining eight participants were exposed with CCW force field (B
683 =-0.15). To quantify adaptation to the force field, we interleaved the channel trials in 20% of
684  the trials. The channel stiffness and viscosity were 7000 (N/m) and 30 [N/(ms™)],

685  respectively.

686

687 Experiments 2 and 3:

688 Experiments 2 and 3 were conducted at the Osaka University/Center for Information
689  and Neural Networks (Suita, Japan). The participants sat on a height-adjustable chair and
690  held a handle of robotic manipulundum (Phantom Premium HF 1.5, 3D Systems, Inc., USA).
691  The force field strength was set to B =0.12 (CW) or -0.12 (CCW). The channel stiffness and
692  viscosity were 2500 (N/m) and 25 [N/(ms™!)], respectively. The position of the handle was
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693  visually feedbacked on a vertically placed LCD monitor (60 Hz update rate) as a cursor

694  (white dot). A start position (gray circle), a goal target (gray disk), and a background disk
695  (light blue disk, 21.6 cm diameter) to prevent sharp luminance change around the target were
696  also presented on the display throughout the task (Fig. 2A). The colors used (gray, green,
697  light blue, and magenta) were adjusted to be approximately iso-luminant (Table 1). A desktop
698 eye tracker (Eyelink 1000, SR Research, Ontario, Canada) was placed under the LCD display
699  to monitor participants’ eye gaze and pupil diameter (Fig. 2A). The approximate distance
700  between participants’ eyes and the center of the monitor was 35 cm for Exps. 2 and 3A, and
701 44 cm for Exp. 3B. We assessed the participants’ handedness by using a Japanese-translated
702  version of the FLANDERS handedness questionnaire (Nicholls et al., 2013; Okubo et al.,
703  2014) which ranges from +10 (perfect right-hander) to -10 (perfect left-hander).

704 Experiment 2: In Exp 2, thirty right-handed individuals participated for Exp 2. They
705  were divided into three sub-groups (10 each). One participant assigned in Exp 2C did not
706  complete the whole experimental sessions due to frequent blinks during an experimental trial.
707  As aresult, the data from 29 participants (24 males, 5 females; age: 22.3 + 2.7; Handedness
708  score: 9.9 £ 0.3) were analyzed (10 for Exp. 2A, 10 for Exp. 2B, and 9 for Exp. 2C). All three
709  experiments consisted of 5 blocks of 50 reaching trials with short breaks (~1 min) between
710  the blocks. Similar to Exp 1, in each block we added two 2 trials of light-reflex

711  measurements before and after the reaching trials. The perturbation schedules used are

712  characterized with sudden reversals in force field direction and summarized in Figure 2B. For
713  Exp 2A, CW force was applied on trials = {61:89, 101:129, 151:159, 170:179, 190:209,

714 220:229}, and CCW force was applied on trials = {90:100, 130:150, 160:169, 180:189,

715 210:219,230:239}. For Exp 2B, CW force was applied on trials = {70:79, 90:109, 120:129,
716 140:189,201:229}, and CCW force was applied on trials = {61:69, 80:89, 110:119, 130:139,
717  190:200,230:239}. For Exp 2C, CW force was applied on trials = {61:159}, and CCW force
718  was applied on trials = {160:170}. For all groups (Exp 2A through 2C), channel trials were
719  randomly interspersed in 20% of trials, except that for Exp 2C channel trials were repeated
720  from the 171st trial to the last 250th trial.

721 Experiment 3: To accurately assess the effect of arousal on the trial-by-trial learning
722  rate, we employed the “single trial” learning paradigm in which updated motor commands
723  are directly estimated by comparing the force output measured at the force channel trial

724  immediately before and after a trial with random perturbations (rightward, leftward, or null

725  force perturbations) (Gonzalez Castro et al., 2014b; Herzfeld et al., 2014) (Fig. 4A). These
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726  “triplets” of trials (i.e., channel-pre, perturbation, and channel-post trials) were interspersed
727  with null trials of variable numbers (2-6 trials) (Fig. 4A). With this setting, we also externally
728  manipulated participants’ arousal state by using task-unrelated emotional auditory stimuli
729  (International Affectional Digital Sounds 2: IADS2, Bradley et al., 2007). These stimuli

730  consisted of 167 6-seconds sound clips each of which was rated by independent populations
731  of at least 100 subjects in terms of valence, pleasure, and arousal. We chose the top 40 (High
732  condition) and bottom 40 (Low condition) clips in terms of arousal scores and played them
733  during the pre-movement hold period in the selected perturbation trials. The presenting order
734  of the clips within High or Low conditions were randomized across the participants. Each
735  clip was presented once.

736 For the Exp 3A, the total of 27 individuals were participated. One participant did not
737  complete the whole experimental session, and the data from the participant was excluded
738  from the analysis. Hence, we analyzed the data from the remaining 26 participants (17 males,
739 9 females; age: 23.7 + 5.4; Handedness score: 9.7 + 0.7). In this experiment, we employed
740  either CCW, Null, or CW force fields as random perturbations (Fig. 4B). In these

741  perturbation trials, we played either High, Low, or no IADS clips. The presenting order was
742  randomized within each block, thus resulting in a 3x3 design. Each condition was repeated
743  for 8 times and interspersed into 8 blocks of 60 trials. We added two 2 trials of light-reflex
744  measurements (3 sec of white/black stimulus-on period followed by 3 sec of stimulus-off
745  period) before and after the main experimental trials of each block.

746 For the Exp 3B, 30 individuals were participated. The data from the two participants
747  were not analyzed due to the frequent head motion during the experiment which resulted in
748  poor quality of pupil data. The remaining 28 participants’ data was submitted for further

749  analysis (19 males, 9 females; age: 22 + 1.6; Handedness score: 9.6 + 1.1). To gain better
750  control of the kinematic error size, we employed the “trajectory clamp” perturbation in which
751  the direction of the channel was angled either -30, 0, or 30 degree with respect to the straight
752  line between the starting position and the target (Hayashi et al., 2020) (Fig. 4B). For this

753  experiment, we played either High or Low IADS clips. Similarly, we randomized the

754  presenting order within each block. To ensure the presence of perturbation unpredictable, the
755  number of 0-degree perturbation trials was doubled so the probability of perturbation is 50 %.
756  This yielded a 2x4 design. Each condition was repeated for 10 times (20 for O-degree

757  perturbation condition) interspersed into 10 blocks of 60 trials. After the completion of the

758  blocks we measured the pupillary light-reflex responses (3 sec of white/black stimulus-on
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759  period followed by 3 sec of stimulus-off period) for 8 times (4 times for each of white or
760  black stimulus).

761

762  Data analysis:

763  The data was sampled at 200 Hz. All analyses were conducted using custom-written codes
764  with MATLAB R2015b (Mathworks, Natick, MA, USA).

765 For all the experiments, the data from the manipulanda (x-y positions, x-y velocities,
766  and x-y command forces for the manipulandum handle) was smoothed with Gaussian kernel
767  of 35 msec full width half maximum (FWHM). Reach onset was defined by the time when
768  the tangential hand velocity first exceeded the 10% of its peak value. Reach offset was

769  defined the tangential hand velocity first dropped below the threshold determine for reach
770  onset of that trial. For assess movement errors on each reach we computed peak velocity

771  error (PVE) and endpoint error (EPE). PVE was defined as perpendicular hand displacement
772  at the time of peak tangential hand velocity with respect to a straight line from the home

773  position to the target, and the EPE was defined as the distance between the hand and the

774  target positions at movement offset. As an index of motor learning, we used the x-force

775  values at the time of peak tangential hand velocity divided the peak velocity during the

776  channel trials (Exps. 1 and 2) (Yokoi et al., 2014). For a measure of single trial learning (Exp
777  3), we calculated the impulse (force integrated with respect to time) for the period between -
778 200 to 0 msec relative to the time of peak tangential hand velocity, as the amount of change
779  in force is smaller and more noisy in single trial learning paradigm (Hayashi et al., 2020). For
780  Exp 1, the PVE and the learning index were sign-flipped for the participants who learned
781  CCW force field before taking group-average.

782 For all the experiments, the eye data (x-y point-of-gaze position and pupil diameter)
783  was analysed in the following way. First, we discarded 100ms of point-of-gaze position and
784  pupil data prior to a blink event and 150ms of point-of-gaze position and pupil data after a
785  blink event. We then interpolated over the discarded data using a piecewise cubic Hermite
786  interpolating polynomial (a Matlab interpl.m function with ‘pchip’ option). After the

787  interpolation, the eye position data was smoothed with Gaussian kernel with 35 msec

788  FWHM. For the detection of saccade events, the unsmoothed eye position data was also

789  smoothed with the second-order Savitzky-Golay filter with 55 msec frame length

790  (sgolayfilt.m function). The eye velocities were then calculated by numerical derivative of the

791  eye positions (diff.m function). We employed 30 degree/sec for a velocity threshold for
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792  saccade detection. As the eye positions were defined in the display coordinate, we

793  transformed them into visual angle coordinate before the saccade detection.

794 To remove high-frequency noise, the pupil data was smoothed with Gaussian kernel
795  with 235 msec FWHM. Importantly, we individually normalized the pupil diameter data

796  relative to the minima and maxima of the pupil diameter data measured during the light reflex
797  trials. We also calculated the pupil dilation velocity through the numerical derivative (diff.m
798  function) of the normalized pupil diameter data. The trial-by-trial summary of these pupil-
799  related variables were defined as follows. The baseline pupil diameter was defined as the
800  average pupil diameter during the waiting period before the onset of go cue. The mean pupil
801 dilation velocity at each trial was defined as the average of pupil dilation velocity during the
802  period from 375 £ 95 to 650 + 100 msec from the movement onset (mean + SD across

803  experiments). These periods were defined in a post hoc manner to maximally reflect the

804  effect of experimental manipulation (i.e., force perturbation) and roughly corresponded to the
805  periods of p <0.0001 (uncollected) for the comparison between the baseline vs. the first 3
806  perturbed trials (e.g., Fig. 1F,G). Pupil dilation velocity data for the trials where a saccade
807  was detected during the movement period were excluded from the analysis. The percentage
808  of excluded trials were 16.5 £ 12.9 (Exp 1), 15.5 £ 15.2 (Exp 2), 12.6 + 17.3 (Exp 3A), and
809 10.2+7.8 (Exp 3B).

810

811 Computational modeling:

812  To get a good reference to compare with our pupil response data, we employed the Volatile
813  Kalman Filter (VKF) that dynamically adjusts learning rate according to the volatility

814  estimated based on experienced prediction error on a trial-by-trial basis (Piray and Daw,

815  2020a). We chose this model (VKF) for its numerical stability over another similar Bayesian
816 filter algorithm (Mathys et al., 2011) and its ability to accurately reproduce a wide range of
817  animals’ choice behavior data (Piray and Daw, 2020a). In brief, at every trial, the VKF model
818  updates the volatility estimate (e.g., expected magnitude of force-field change, in our case)
819  based on the squared prediction error (e.g., movement error) and current uncertainty about
820  the estimated state (e.g., uncertainty about current force-field estimate). The learning rate is
821  then adjusted by optimally balancing the current estimate about state uncertainty, the current
822  volatility estimate, and the uncertainty about observations (fixed). Thus, when there is a

823  sudden change in environment (e.g., force-field magnitude/direction, in our case) which leads

824  to asudden increase in error size, the volatility estimate shows a transient increase in the next
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825  and following trials (Fig. S1D). Similarly, when there are multiple such changes in the

826  environment (change points), the volatility estimate also increases and accumulates according
827  to the change points' frequency (Fig. S2D).

828 We determined the parameters of the VKF model (4, 62, v, my; learning rate for
829  volatility, the variance of observation noise, the initial value for the volatility estimate, and
830 initial value for the state estimate, respectively) by fitting the volatility estimates to the

831  group-averaged baseline pupil diameter data in Exp 1 (fminsearch.m). Note that our purpose
832  here is not to characterize the individual difference in pupil response pattern and motor

833  learning behavior by individually estimating these model parameters but to characterize

834  general features of pupil responses during a typical motor learning paradigm. We used

835  similar parameter values for the simulation of Exp 2 (Fig. S2).

836

837  Statistical analysis:

838  Timeseries comparison: We assessed changes in pupil velocity timeseries between

839  unperturbed (average of the 1st block data) vs. perturbed (average over the first 3 perturbed
840 trials) trials by using group-wise two-sided paired #-tests applied at each time frame.

841  Uncorrected p-values were reported.

842

843  Effect of repetitive change points for Exp 2: We assessed the effect of participants’ repetitive
844  experience of the change points by fitting the general linear mixed-effect model (‘fitlme.m’
845  function) to the individually z-scored response data around the change points (baseline pupil
846  diameter, pupil dilation velocity). All models included fixed intercept and random intercepts
847  for participants and groups (Exps 2A, 2B, and 2C), and fixed and random effects of the

848  perturbation types (CW and CCW). As effects of interest, fixed and random effects for the
849  number of the change points (#cps) were also included. To account for the trivial effect of
850  error magnitude, we additionally included the absolute error term; for the baseline pupil data,
851 trajectory error and endpoint error at the immediately previous trial, and for the pupil dilation
852  velocity, trajectory error at the same trial, respectively. The importance of the random effect
853  of #cp was assessed by the likelihood-ratio test (LRT) between the full model and an

854  alternative model lacking the random slope term. The models were fit to the data with

855  restricted maximum likelihood method (ReML) with random starting values. We evaluated
856  the p-value of the estimated fixed-effect slope for the #cp term to test if the effect of change

857  in #cp is statistically significant.
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858

859  Tests for arousal manipulation (Exp 3): We evaluated the effect of the arousal manipulation
860  on the single-trial motor learning as follows. First, the single trial learning and the trajectory
861 error data were z-scored within each individual. Next, the effect of error and trial number
862  were removed from the (z-scored) single-trial learning data by fitting the general linear

863  mixed-effect model considering the group- and participant-level random effects similarly to
864  above analysis. On the resultant residuals, we calculated the contrast for the manipulation
865  effect (Null-sound vs. High-arousal for Exp 3A, and Low-arousal vs. High-arousal for Exp
866  3B). This yielded the z-valued estimate of the effect of arousal manipulation on the single
867 trial learning for each participant. To test the baseline-dependent effect, we individually
868 calculated the average baseline pupil diameter over the whole experimental session,

869  excluding the perturbation trials which included the arousal manipulation, as a proxy for
870  individuals’ mean arousal level. If there was no relationship between the manipulation effect
871  and the mean arousal level, the data should equally distribute across the four quadrants

872  defined by z=0 and median arousal level (i.e., expected # of participants = 54/4). To test the
873  deviation from this null hypothesis, we conducted the likelihood-ratio G-test. A standard chi-
874  squared test gave similar result.

875

876  Data and code availability:

877  The data and the custom-written Matlab codes used for the analysis will be uploaded to the
878  publicly available server upon publication. Until then, requests should be addressed to the
879  corresponding author (ayokoi@nict.go.jp).

880
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Tables

Table 1. Luminance value measurements for display colors.

Expl | Exp2,3

Black 0.6 0.4
White 178 249
Gray 80 107
Green 80 106
Magenta 80 108
Pale blue 80 105

Measured by CA-100 Plus Color Analyzer (Konica Minolta Sensing Americas, Inc., NJ,
USA) for Exp 1 and by SR-3AR Spectroradiometer (Topcon Technohouse, Corp., Tokyo,
Japan) for Exp 2, 3. Units are in (cd/m?).
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Figure legends

Figure 1. Pupillometry during force-field motor adaptation (Experiment 1).

(A) Left: Experimental setup used in Exp 1. Right: Schematics for a single trial. Participants
were required to fixate on the center of the target. (B) The perturbation schedule for the Exp
1. The manipulandum applied the clockwise (CW) force field unexpectedly to the
participants at the second block. The gray vertical lines indicate the block boundary. The
short gray vertical lines represent the force channel trial where learning was quantified. (C)
Hand trajectories of a representative participant. The cycles shown (11, 14,32, 33, and 52)
correspond to baseline, early perturbation, late perturbation, early washout, and late washout
trials, respectively. (D) Mean lateral hand deviation at the peak tangential handle velocity.
Positive values correspond to rightward deviation. (E) Mean learning index measured in the
channel trials (once in a cycle). Learning index was the lateral force to the channel at the time
of peak velocity divided by peak velocity (i.e., viscosity). The red dots represent values for
perturbation trials (D, E). (F) A schematic example of pupil diameter timeseries during the
current reaching paradigm aligned to the reach onsets. In general, the pupil shows different
baseline values and dilates during reaches. On a sudden perturbation trial (trial=p), it strongly
dilates. On the following trials (trial=p+1), it shows higher baseline value (see also, arrows in
panel I). (G) The online pupil response to the force perturbation; the first time-derivative
(=velocity) of pupil diameter timeseries (F) averaged over the baseline trials (un-perturbed;
black trace) or the first 5 perturbation trials at the second block (perturbed; red trace). The
gray area represents s.e.m. across the participants. The two vertical dashed lines indicate the
time of significant difference by running paired-t tests. The dots on the y=0 line with
different colors represents the significance levels (yellow: p<0.05, green: p<0.01, blue:
p<0.001, purple: p<0.0001). (H) Trial-by-trial changes in the pupil dilation velocity averaged
between 300 to 700 msec since the movement onset. (I) Trial-by-trial changes in the baseline
pupil diameter. The red circles represent values for perturbation trials (D,E,H,I). The arrows
indicates the first two perturbation trials (upward: the first trial, downward: the second trial).

Error bars correspond to s.e.m. across the participants (D,E,H.I).

32


https://doi.org/10.1101/2021.04.03.438075

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.03.438075; this version posted April 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 2. Specific response pattern in the pupil diameter facing with multiple change
points.

(A) Experimental setup for the Experiments 2 and 3. (B) Perturbation schedules for the Exp 2
(Exp 2A, 2B, and 2C). The green circles indicate the ‘change point’ trials where either
magnitude (on/off) or direction (CW/CCW) of the force-field changes in the middle of the
blocks (changes across the blocks are excluded). The gray vertical lines indicate the block
boundary. (C) Time course of the pupil dilation velocity averaged over the baseline trials (un-
perturbed; black trace) or the first 5 perturbation trials at the second block (perturbed; red
trace), averaged over all sub-groups. The gray area represents s.e.m. across the participants.
The two vertical dashed lines indicate the time of significant difference by running paired-t
tests. The dots on the y=0 line with different colors represents the significance levels (yellow:
p<0.05, green: p<0.01, blue: p<0.001, purple: p<0.0001). (D, E, F) Trial-by-trial change in
the mean lateral hand deviation at the peak tangential handle velocity (D), the evoked pupil
dilation velocity (E), and baseline pupil diameter (F) for the Exp 2A (first column), 2B
(second column), and 2C (last column), respectively. The colors of circles (black, red, and
blue) indicates the data for baseline, CW field, and CCW field, respectively. Positive values
for the panel D correspond to rightward deviation. The gray vertical lines indicate the block
boundary. Error bars represent s.e.m. across the participants. Trials at which the dot color

changed indicate the change points.

Figure 3. Pupil responses around multiple change points.

(A) Trial-by-trial change in the z-transformed baseline pupil diameter around the first change
point. Pre- and post-change point values are defined by blue and red shades, respectively. (B)
Amplitude of change point-induced baseline pupil diameter change (difference between post-
vs. pre-change point values in A) as a function of the number of change points. (C) Trial-by-
trial change in the z-transformed mean pupil dilation velocity around the first change points.
Similarly, pre- and post-change point values are defined by blue and red shades, respectively.
(D) Amplitude of cp-induced mean pupil dilation velocity change (difference between post-
vs. pre-change point values in C) as a function of the number of change points. (E-H) The
same analysis as A-D applied to the volatility estimate (E, F) and the surprise (G, H)
simulated by the Volatile Kalman Filter (VKF) model using the same perturbation schedules
(Exp 2A-C). The model parameters were estimated using the data from experiment 1. Note

that, in F and H, the large increase (decrease) at the second (11th) change point reflects
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increase (decrease) in movement error due to the first force reversal (return to Null field) (see

Fig. 2B, D). The error bars indicate s.e.m. across the participants.

Figure 4. Arousal manipulation during single-trial motor learning paradigm.

(A) An exemplar part of the perturbation schedule for Exp 3A and 3B. Perturbation trials
with channel trials immediately before and after (B,C) were separated with trials with Null
perturbation. (B) The single-trial learning was quantified by measuring the lateral force
output by participants immediately before and after the perturbation trial by using channel
trials. For the Exp 3A, either null, CW, or CCW velocity-dependent force-field was applied,
similarly to Exps 1 and 2 (left). For the Exp 3B, either CW (30 degree), CCW (-30 degree) or
straight (O degree) trajectory clamp was applied as perturbation to get better control of
kinematic errors (right). Arousal manipulation was applied on the selected perturbation trials
in randomized order. (C) Averaged time course of baseline pupil diameter change during pre-
movement period for Null-sound (black), Low-arousal sound (magenta), and High-arousal
sound (gold yellow). The presentation of IADS?2 auditory stimuli (Bradley and Lang, 2007)
started at time=0 and lasted for 6 seconds. For Null-sound condition, pre-movement period
was set to 1500-2000 msec. (D) Averaged time series of single-trial learning (difference
between force output at channel 2 vs. channel 1 trials, red: CW, black: Null, blue: CCW) for
Exp 3A (left) and 3B (right). Trial-by-trial single-trial learning was assessed as the force
impulse integrated over the time window of [-200 ~ O msec] relative to the time of peak
velocity (the green shades). (E) Individuals’ single-trial learning values plotted over
corresponding individuals’ mean arousal (average of baseline pupil diameter for non-
perturbation trials normalized by individuals’ pupillary light reflex amplitude, see Fig. S3)
averaged over all conditions (1st column), Null / Low conditions (2nd column), or High
condition (3rd column). The gray dots represent individual participants’ data. The black dots
represent the median calculated over the 10, 25, 50, 75, and 90 percentiles of mean arousal.
The error bars represent the median absolute deviation. Comparison between High vs.

Null/Low averages is shown on the 4th column for visualization purpose.
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Figure 5. The baseline-dependent effect of arousal manipulation on single-trial motor
learning.

The effect of arousal manipulation on single-trial learning was individually assessed by first
z-scoring the single-trial learning (e.g., Fig. 4E) and then comparing between High vs.
Null/Low conditions. The resultant z-scored delta-learning values of the individual
participants were plotted over their mean arousal (black dots: participants for Exp 3A, white
dots: participants for Exp 3B). The kernel density estimates of overall observations (x-y
pairs) indicates that the arousal effects on single-trial motor learning are significantly more
concentrated in the second and the fourth quadrants than chance (G =7.67, p = 0.0056),
indicating positive/negative effect for participants with lower/higher mean arousal level. The
horizontal and vertical lines represent zero effect and median of mean arousal, respectively.
The histograms for delta-learning (upper left) and mean arousal (lower right, the dashed line

denotes the median arousal value) are also shown.

Figure 6. Hypothetical relationship between hierarchical state estimation/transition and
environmental uncertainty/surprise reflected in pupil diameter.

(A) A likely hierarchical representation of task and daily life states for the current
experiment. (B) A possible time-course of pupil diameter (and subjective environmental
uncertainty). The degree of elicited uncertainty (pupil diameter) is proportional to
(subjective) “across-hierarchy” distance between the two states (vertical double arrows on the

right of panel A.
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Supplementary Figures

A Mean pupil dilation velocity during movement (300-700 ms) B Baseline pupil diameter before movement
0.4+ Block 1 B2 B3 B4 B5 0.6-

el OField on 5055

803 ONull field S o5

z =

= £

80z 8045

e °

T;:,\. ng_. 04

a o1 0.35

T T T T T
1 55 110 150 205 260 1 55 110 150 205 260
Trials Trials
(o] Surprise (unsigned prediction error) by VKF model D Volatility estimate by VKF model
14 22

- ~21

508 3,

© <

So6- S

Q 219

§0.4 1 E 18

302 Z 2,47 \

0 > 16 -tE gy $
T T r T T T T T T T r T
1 55 110 150 205 260 1 55 110 150 205 260

Trials Trials

Figure S1. Volatile Kalman Filter (VKF) model captured qualitative features of online and
offline pupil responses to force-field perturbation (related to Fig. 1). (A) Online pupil
response (mean pupil dilation velocity during movement). (B) Offline pupil response (pre-
movement baseline pupil diameter). (C) Surprise (unsigned prediction error) and (D)
volatility signal simulated by VKF model (Piray and Daw, 2020a). Figure format is same as
Fig. IH and I. Pupil dilation velocity (A) and surprise (C) shared a similar trial-by-trial
change pattern; a large increase followed by gradual decrease to baseline level both at the
introduction and removal of force-field. While baseline pupil diameter (B) and volatility
estimate (D) showed similar pattern at the introduction of force-field (indicated by arrows),
baseline pupil diameter showed little or no increase at the removal of the force-field (161-th
trial). Note that our purpose here is not to characterize individual difference in pupil
response pattern and motor learning behavior by individually estimating model parameters,
but to characterize general features of pupil responses during a typical motor learning
paradigm. Also note that the baseline pupil diameter increased at the beginning of each
block, implying increased subjective uncertainty about environment after the short rest
period, yet this was not modelled in the original VKF model. Model parameters; A =
0.1933,02% = 3.1942,v, = 2.0459,my, = —0.2198.
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Perturbation schedules
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Figure S2. Simulation of force-field scheduled for Exp 2 using VKF model (related to Fig.
2). (A) Force-field schedules for sub-groups (Exp 2A, 2B, and 2C). (B) Prediction error
about the mean. (C) Surprise (unsigned prediction error). (D) Volatility estimates. Figure
format is the same as Fig. 2. The reversal of force-field direction (second and later change
points) induced larger prediction error (B) and hence surprise (unsigned prediction error;
panel C) which resulted in transient increase in volatility (D). In other word, the size of
surprise and volatility change closely follows the size of experienced prediction error. More
frequent change points (later trials in Exp 2A or earlier trials in Exp 2B) let to accumulation
of volatility. Model parameters; A = 0.1934, 02 = 3.2192,v, = 2.0589, m, = —0.20.
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Figure S3. Within individual normalization of pupil diameter using pupillary light reflex
(PLR). (A) Luminance changes were induced by changing background color (white or
black). (B) An exemplar pupillary response from one participant. The gray shaded area
indicate the duration of luminance change (3000 msec). The arbitrary unit in the eyetracker
(right y axis) was normalized into the range of individuals’ pupil modulation size (left y axis).
Traces represent the responses in the single light reflex trial. For more detail, see Methods.
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