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Neural, physiological, and 
behavioral correlates of visuomotor 
cognitive load
S. M. Hadi Hosseini1, Jennifer L. Bruno1, Joseph M. Baker  1, Andrew Gundran1,  
Lene K. Harbott2, J. Christian Gerdes2 & Allan L. Reiss1,3

Visuomotor ability is quite crucial for everyday functioning, particularly in driving and sports. While 
there is accumulating evidence regarding neural correlates of visuomotor transformation, less is known 
about the brain regions that accommodate visuomotor mapping under different cognitive demands. 
We concurrently measured cortical activity and pupillary response, using functional near infrared 
spectroscopy (fNIRS) and eye-tracking glasses, to examine the neural systems linked to pupil dilation 
under varying cognitive demands. Twenty-three healthy adults performed two sessions of a navigation 
task, in which the cognitive load was manipulated by either reversing the visuomotor mapping or 
increasing the speed of the moving object. We identified a region in the right superior parietal lobule 
that responded to both types of visuomotor load and its activity was associated with larger pupillary 
response and better performance in the task. Our multimodal analyses suggest that activity in this 
region arises from the need for increased attentional effort and alertness for visuomotor control and is 
an ideal candidate for objective measurement of visuomotor cognitive load. Our data extend previous 
findings connecting changes in pupil diameter to neural activity under varying cognitive demand and 
have important implications for examining brain-behavior associations in real-world tasks such as 
driving and sports.

Visuomotor ability is crucial for everyday functioning, particularly in driving and sports. Functional neuroimag-
ing evidence indicates the involvement of various brain regions in visuomotor transformation processes including 
the parietal, prefrontal and premotor cortices as well as subcortical structures including the striatal and cere-
bellar network1–6. Specifically, parietal and prefrontal cortices play an important role in remapping visuomotor  
associations5, 7, 8 before the learned mapping is consolidated in the striatal and cerebellar networks6, 9, 10. The pari-
etal cortex – specifically the superior parietal lobule – acts as a multifaceted behavioral integrator that binds visu-
ospatial, motor, and cognitive information into a topographically organized signal of behavioral salience3 while 
the medial prefrontal and anterior cingulate regions are primarily engaged by the need to select among competing 
response alternatives11. In addition, adaptation to a novel visuomotor mapping engages attentional and visuospa-
tial working memory processes subserved by the inferior parietal lobule and the dorsolateral prefrontal cortex8.

While several studies have examined the neural systems underlying visuomotor control in humans, less is 
known about the regions that accommodate visuomotor mapping under different cognitive demands. In this 
study, we employed functional near infrared spectroscopy (fNIRS) to examine the neural correlates of visuomotor 
mapping under varying cognitive loads. Specifically, we designed a computer-based visuomotor task, in which 
the participant was asked to keep a moving dot in the middle of a path (Fig. 1A) using the left and right keyboard 
arrows. We manipulated the cognitive load by reversing the mapping between visual and motor response (right/
left arrow moved the dot to the left/right) and also by increasing the speed of the moving dot. We aimed to iden-
tify the distinct and overlapping brain regions that respond to increased visuomotor cognitive load associated 
with reverse visuomotor mapping and increased speed.

Accumulating evidence suggests that pupil size varies in response to cognitive load and attentional demands 
of the task12–15. Specifically, pupillary change in response to cognitive processing is linked to activity in the locus 

1Center for Interdisciplinary Brain Sciences Research, Department of Psychiatry and Behavioral Sciences, Stanford 
University, 401 Quarry Road, Stanford, CA, 94305-5795, USA. 2Department of Mechanical Engineering, Stanford 
University, 473 Oak Road, Stanford, CA, 94305, USA. 3Departments of Radiology and Pediatrics, Stanford University, 
401 Quarry Road, Stanford, CA, 94305, USA. Correspondence and requests for materials should be addressed to 
S.M.H.H. (email: hosseiny@stanford.edu)

Received: 20 January 2017

Accepted: 5 July 2017

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0001-7295-6122
mailto:hosseiny@stanford.edu


www.nature.com/scientificreports/

2SCIEntIfIC REPORTS | 7: 8866  | DOI:10.1038/s41598-017-07897-z

coeruleus noradrenergic system which is thought to modulate the attentional network13, 16. In a simultaneous 
fMRI and pupilometry study on a multiple object tracking task, Alnas and colleagues (2014) found pupil-related 
activity in the locus coeruleus and a number of other structures including the dorsal attention network, support-
ing the link between pupil dilations and cognitive workload. We concurrently measured fNIRS and pupil dilation 
for the first time to examine the neural systems linked to pupil dilation that respond to visuomotor cognitive 
load.

Several studies investigated the dynamics of changes in brain activity in the course of adaptation to visuomo-
tor transformation8, 9, 17–22. While these studies indicated the involvement of prefrontal regions in early stage of 
learning novel visuomotor mapping8, 9, 17, evidence regarding the involvement of parietal regions in adaptation 
to novel visuomotor mapping is controversial, signaling the involvement of these regions in both early and late 
stages of learning8, 18–22. We separately examined the profile of brain activity and pupil response in early and 
later stages of the visuomotor task to distinguish the brain regions adapting to novel visuomotor mapping and 
increased speed. We also explored the cortical regions that adapt to the visuomotor task on a trial-by-trial basis.

To our knowledge, this is the first study that examines neural and pupillary responses to different types of 
visuomotor cognitive loads using fNIRS. We employed wearable NIRS and eye tracking systems so that we could 
compare our current findings in a laboratory setting to real-world scenarios that involve visuomotor mapping of 
varying cognitive load, such as in driving and playing sports.

Figure 1. Average steering performance across conditions. (A) The shaded lines show mean (standard error) 
of the steering path across different conditions. The green (pink) lines indicate congruent steering with (w/o) 
acceleration and blue (red) lines indicate incongruent steering with (w/o) acceleration. (B) Mean (standard 
error) of deviation from the center of the road across different conditions. The green (pink) bars indicate 
congruent steering with (w/o) acceleration and blue (red) bars indicate incongruent steering with (w/o) 
acceleration.
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Results
Behavioral results. A repeated measures ANOVA was conducted to compare the main effect of steering 
(congruent and incongruent), acceleration (no acceleration, with acceleration) and road difficulty (easy, medium, 
hard) and their interactions on average deviation from the center of the road. We found a significant main effect 
of steering (F1,19 = 45.1, p < 0.0001), acceleration (F1,19 = 188.4, p < 0.0001) and road difficulty (F2,18 = 119.7, 
p < 0.0001) indicating poorer performance in incongruent and acceleration trials and in trials with difficult 
roads (Fig. 1B). The interaction of steering and acceleration (F1,19 = 4.6, p = 0.046), steering and road difficulty 
(F2,18 = 5.5, p = 0.009), and acceleration and road difficulty (F2,18 = 14.9, p < 0.001) were also significant suggest-
ing that acceleration and incongruent steering result in poorer performance when combined either together or 
with more difficult roads. The three-way interaction among steering, acceleration and road difficulty was not 
significant (F2,18 = 0.55, p = 0.47).

Also, we separately examined the performance in early and later stages of the visuomotor task. In the first 
session of the task, we found a significant main effect of steering (F1,19 = 93.7, p < 0.0001) and acceleration 
(F1,19 = 102.8, p < 0.0001) indicating poorer performance (larger deviation) in incongruent and acceleration 
trials. We also found a significant steering by acceleration interaction (F1,19 = 44.9, p < 0.0001) indicating that 
acceleration results in poorer performance when combined with incongruent steering. In the second session, the 
main effect of steering did not remain significant (F1,19 = 1.93, p = 0.18) but we found a significant main effect of 
acceleration (F1,19 = 129.5, p < 0.0001) and a significant interaction effect (F1,19 = 5.15, p = 0.035).

Pupillary response results. The repeated measures ANOVA on pupil dilation revealed a significant main 
effect of steering (F1,11 = 11.03, p = 0.007), acceleration (F1,11 = 21.2, p = 0.001) and road difficulty (F2,10 = 20.1, 

Figure 2. Pupillary responses. (A) The shaded lines show mean (standard error) of the changes in pupil 
diameter (relative to baseline) over the course of the trial across different conditions. Green (pink) lines 
indicate congruent steering with (w/o) acceleration, blue (red) lines indicate incongruent steering with (w/o) 
acceleration, and cyan (yellow) lines indicate control trials with (w/o) acceleration. (B) Mean (standard error) 
of changes in pupil diameter across different conditions. The green (pink) bars indicate congruent steering with 
(w/o) acceleration and blue (red) bars indicate incongruent steering with (w/o) acceleration.
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p < 0.001) indicating larger pupil dilation in incongruent and acceleration trials and in trials with difficult roads 
(Fig. 2). We also found a significant steering by road interaction indicating larger pupil diameter in incongruent 
trials with difficult road type (F2,10 = 13.8, p < 0.001).

Further, we separately examined the pupil dilation in early and later stages of the visuomotor task. Consistent 
with behavioral results, the ANOVA for pupillary data showed significant main effects of steering (F1,11 = 11.0, 
p = 0.007) and acceleration (F1,11 = 31.2, p = 0.0002) in the first session, indicating larger pupil dilation in incon-
gruent and acceleration trials. The steering by acceleration interaction was not significant (F1,11 = 0.10, p = 0.76). 
In the second session, we did not observe any significant effects (p’s > 0.11).

Cortical activation results. The cortical regions that showed significantly greater activity in the task com-
pared with control condition included the right middle frontal gyrus, right superior parietal and bilateral inferior 
parietal lobules (p < 0.05, FDR corrected) (Fig. 3). The repeated measures ANOVA on beta estimates of activity 
in the task conditions revealed a significant main effect of acceleration in the left inferior and right superior 
parietal regions (p < 0.05, FDR corrected). Also, we separately examined the profile of brain activity in early and 
later stages of the visuomotor task to distinguish the brain regions adapting to novel visuomotor mapping and 
increased speed. The repeated measures ANOVA revealed a significant main effect of steering, main effect of 
acceleration, and a significant interaction between steering and acceleration in the first session (p < 0.05, FDR 
corrected). This analysis indicated greater activity in the right superior parietal lobule in response to incongruent 
and acceleration trials. The activity in this region also showed a significant steering by acceleration interaction 
indicating greater activity in acceleration trials when combined with incongruent steering. On the other hand, 
activity in bilateral inferior parietal lobule only showed significant increase in response to acceleration. In the 
second session, we only found a significant main effect of steering indicating greater activity in the right superior 
parietal region in response to incongruent steering trials (p < 0.05, FDR corrected).

Further, using a parametric model, we explored the cortical regions that adapt to the visuomotor task on a 
trial-by-trial basis. We found a significant decrease in activity in the right middle frontal gyrus and bilateral infe-
rior parietal lobules along the task (P < 0.05, FDR corrected).

Figure 3. Profile of cortical brain activity. (A) The cortical regions with significantly greater activity in task 
compared with control (p < 0.05, FDR corrected). (B) The mean (standard error) of beta estimate of activity 
in the right superior parietal region across conditions. The green (pink) bars indicate congruent steering with 
(w/o) acceleration and blue (red) bars indicate incongruent steering with (w/o) acceleration.



www.nature.com/scientificreports/

5SCIEntIfIC REPORTS | 7: 8866  | DOI:10.1038/s41598-017-07897-z

Correlation analysis. We also examined the association between behavioral and pupillary responses with 
cortical activity. We found a significant positive correlation between average pupil dilation and activity in the 
right superior parietal region during acceleration trials in the first session (R = 0.85, P = 0.002, FDR corrected) 
(Fig. 4).

Discussion
We tested the behavioral, pupillary and neural correlates of visuomotor control under different cognitive demands –  
incongruent steering and unexpected acceleration – using direct and indirect measurements of brain activity – 
fNIRS and pupillary response, respectively. We identified a cortical region in the right superior parietal lobule that 
responded to both types of visuomotor cognitive load utilized in our task; this region was significantly active in 
both sessions of the task suggesting the importance of this region in both early and late stages of visuomotor adap-
tation. Higher activity in this region was also associated with larger pupillary response in the acceleration trials. 
On the other hand, regions in the bilateral inferior parietal lobule appeared to be primarily involved in handling 
visuomotor load associated with acceleration. Our results confirm previous reports regarding the crucial role of 
parietal regions in visuomotor transformation3, 18, 21, 23 and extend them by revealing the unique role of the right 
superior parietal region in accommodating visuomotor mapping under different types of visuomotor load. Our 
data also extend previous findings connecting changes in pupil diameter to neural activity under different types 
of visuomotor cognitive load.

Several cortical regions, including the right superior parietal lobule, bilateral inferior parietal lobule, and right 
middle frontal gyrus, showed greater activity in the visuomotor task relative to the control task. These results are 
consistent with previous fMRI findings regarding the involvement of these regions in visuomotor control5, 7, 8 and 
suggests that fNIRS is a good candidate for use in more naturalistic settings such as driving simulators or actual 
driving conditions.

The superior parietal lobule is part of the dorsal visual pathway and plays an important role in visuospatial 
and visuomotor processing24. Previous fMRI studies suggest the involvement of the superior parietal lobule in 
visuomotor coordinate transformation4 and modulation of visuomotor feedback control22. We found that activity 
in this region was significantly higher in incongruent steering and acceleration trials compared with congruent 
steering and non-acceleration, suggesting an important role for the superior parietal lobule in accommodating 
different types of visuomotor cognitive load. Intriguingly, the activity in this region also showed a significant 
interaction between incongruent steering and acceleration – with higher response to acceleration trials when 
combined with incongruent steering – making the activity of this region an ideal candidate for objective meas-
urement of visuomotor cognitive loads. Further, our data revealed that the activity in the right superior parietal 
lobule was sustained across both sessions. A number of studies suggest that superior parietal regions are involved 
in remapping visuomotor coordinates and thus mainly contribute to early stages of adaptation6, 18. Companion 
studies have indicated the involvement of this region in storing the learned visuomotor map and supports its 
involvement in late stages of visuomotor learning17, 20, 21. Other studies reported stable activity in this region 
throughout the adaptation process9, 22. Our data corroborate the latter findings and suggest that the activity in the 
right superior parietal region may reflect visuomotor cognitive load and thus signal the importance of this region 
in both early and late stages of visuomotor adaptation.

The inferior parietal lobule was the other active region during visuomotor performance. The results suggest 
that activity in this region was significantly higher in the acceleration trials compared with no acceleration across 
both sessions. Previous data associated activity in the inferior parietal lobule with retrieving predictive motor 
commands22, visuomotor monitoring25, as well as with visuospatial working memory processes underlying the 
task8. The inferior parietal lobule is part of the frontoparietal working memory network and we speculate that 
activity in this region is associated with visuospatial working memory demands of the task8, since this region was 
mainly engaged in visuomotor performance in the first session. This idea is further supported by the observation 
that indicated a significant decrease in activity of this region along task trials.

The right dorsolateral prefrontal cortex also showed significantly greater activity in the visuomotor task com-
pared with the control condition. Previous fMRI studies on visuomotor control have associated activity in this 
region with visuospatial working memory processing8, acquisition or encoding of explicit rules9, and monitoring 

Figure 4. Association between pupillary response and brain activity. A significant positive correlation was 
observed between average pupil dilation and changes in activity in the right superior parietal region during 
acceleration trials (P = 0.002).
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and detection of visuomotor incongruence25. The involvement of prefrontal regions in visuomotor control has 
also been shown in previous fNIRS studies26. However, we did not find significant increase in activity of this 
region during incongruent or acceleration trials. Previous studies have shown that visuomotor tracking skills are 
not impaired in patients with dorsolateral prefrontal damage27, in contrast to patients with parietal damage21. 
Thus, our data favor an explicit role for parietal regions in handling visuomotor cognitive load compared with 
the prefrontal cortex. The activity in this region also showed significant adaptation to the task along trials, further 
supporting the involvement of this region in visuospatial working memory processes associated with the task. 
It should be noted that we could not interrogate regions in the medial prefrontal and anterior cingulate cortices 
that play a crucial role in tracking incongruency and conflict monitoring because of limited spatial coverage of 
fNIRS. Future fMRI studies can further investigate the distinct role of the frontal – parietal network in response 
to various types of visuomotor cognitive load.

We also continuously measured pupillary response during visuomotor performance. Our pupillometry data 
showed a significant increase in pupil size in the incongruent and acceleration trials. Behavioral studies have 
consistently linked pupillary dilation to attentional load in a variety of tasks including visual target detection28, 
number processing and working memory15, visuospatial judgment29, and multisensory integration30. Our data 
support these findings and signal the higher attentional effort demanded in incongruent steering and accelera-
tion conditions. Further, change in pupil size was significantly associated with the activity in the right superior 
parietal region. Pupillary response has been linked to activity in the LC and noradrenergic system in animal and 
human studies13, 16. The LC connections are widely distributed across the brain but regions involved in visuospa-
tial attention, particularly the regions in the parietal cortex, receive dense LC inputs31. The strong association 
between activity in the right superior parietal lobule and pupillary dilation in our study further confirms that 
activity in this region arises from the need for increased attentional effort and alertness for visuomotor control 
in the acceleration trials. This idea is further corroborated by a recent study that showed a link between pupillary 
dilation and activity in the superior parietal lobule during a multi-object tracking task13. Our data suggest that 
pupillometry data can supplement the fNIRS measurements and are quite beneficial in interpretation of these 
data.

Together, our data shed light on cortical regions that accommodate visuomotor mapping under different 
cognitive demands. Particularly, the results suggest the unique role of the right superior parietal lobule in han-
dling different types of visuomotor cognitive load in early and late stages of visuomotor adaptation. In addition, 
concurrent measurement of behavior, pupil dilation and fNIRS cortical activity allowed us to more accurately 
describe the human response to visuomotor cognitive load. Further, employing wearable fNIRS and eye tracking 
systems enable investigators interested in this and similar brain-behavior associations to examine cognitive load 
in more naturalistic situations. In particular, the results presented here have important implications for monitor-
ing of cognitive load in real-world tasks such as driving and sports.

Methods
Participants. Twenty-three healthy adults (12 females, mean age: 25.02 years) were recruited for participa-
tion in the study (NfNIRS = 20, Neye-tracking = 11). Participants were excluded if they reported any clinical psychiatric 
history such as anxiety or depression, or other chronic or significant medical conditions. The participants were 
recruited via mailing lists and ads/flyers. Written informed consent was obtained from the participants prior to 
participation. The Stanford University Institutional Review Board approved the study. The experiment was per-
formed in accordance with relevant guidelines and regulations.

Task paradigm. We designed a computer-based visuomotor game, in which the participant was 
instructed to navigate an object, denoted as a “car”, down the center of a winding road (Fig. 1). The car 
objects, which varied across experimental conditions (i.e., task vs. control), were represented by a circle or 
square. In the task condition, the car was a circle and the participant was instructed to steer the car with the 
left and right arrow keys on a standard QWERTY computer keyboard. We manipulated the difficulty of the 
task trials by reversing the mapping between visual and motor response (i.e., congruent: right/left key = right/
left direction; incongruent: right/left key = left/right direction) and also by unexpectedly increasing the speed 
of the car. The steering congruence was held constant across each trial. On trials in which the speed of the 
car was increased, the point at which the speed increase occurred was random, but persisted throughout the 
duration of the trial. The participants were instructed to stay as close to the center of the road as possible at 
all times. If the car was steered off the road, the participant was instructed to return to the middle of the road 
as quickly as possible.

In order to control for neural processes associated with visually tracking the car, we designed a control condi-
tion in which the car object was a square in the beginning of the trial but changed between a square and a circle 
multiple times throughout the trial. The participants were instructed that the car would drive autonomously on 
control trials, so that steering was not required. Instead, the participant was instructed to press any button each 
time the car changed shape from a square to a circle. The same proportion of trials containing a speed increase 
within the task condition was also used within the control condition.

The task consisted of a total of 108 trials broken evenly into two separate sessions (~20 min each) with a break 
in between. Each of the three steering conditions (congruent steering, incongruent steering and control) was 
repeated 36 times. For each of the three steering conditions, half of the trials included unexpected acceleration. 
The order of the trials was pseudorandom with a jittered fixation (7 s–9 s). Three different types of roads were 
used (Fig. 1A) and the composition of road types was similar across conditions. The trials were self-paced and the 
duration of a trial within condition was dependent on subject’s performance, allowing subjects to complete the 
navigation at their own pace.
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Stimuli were presented on a 20″ LED monitor. Task responses were collected by button presses using 
right-hand index and middle fingers on a standard keyboard. Participants were seated 70 cm from the screen. 
Each participant completed five practice trials to become familiar with the task. We quantified subjects’ perfor-
mance in each trial as the mean distance of the car from the center of the road over the duration of the trial.

fNIRS and eye tracking data acquisition. A Tandem NIRSport (NIRx, Germany) system was used for 
fNIRS measurements recording at 7.81 Hz and employing two different wavelengths (760 nm & 850 nm) to meas-
ure relative changes of oxygenated and deoxygenated hemoglobin. Thirty-two optodes consisted of 16 LED illu-
mination time-multiplexed sources and 16 detection sensors were used for data acquisition. Optodes were evenly 
distributed among 4 different regions of interest consisting of 10 channels each; left prefrontal, right prefrontal, 
left parietal and right parietal cortices. Optodes were secured onto participant’s heads by individually sized caps 
designed for neuroimaging applications (Brain Products, Germany). The optode locations were cut into each 
cap at size-specific 10/20 locations. Plastic supports placed between each source/detector pair that constituted 
a recording channel maintained a 3 cm channel length for all participants. In this manner, the arrays were con-
sistently placed on specific 10/20 locations of interest despite changes in head size across participants32, 33. This 
consistency allowed us to choose the fNIRS channels of interest that directly measure each region of interest (see 
Functional Localization section below). We could not collect fNIRS data for three participants either because of 
technical issues (one participant) or because of poor signal quality for participants with long, dark and bulky hair 
(two participants). Complete NIRS data were collected for twenty participants.

Following the fNIRS cap setup and calibration, the eye tracking glasses were set and calibrated to the partici-
pant’s head. A SMI ETG 2.0 (SensoMotoric Instruments, Germany) was used for eye tracking measurements. The 
eye tracking glasses were binocular, allowing recording of pupillary data by two infrared cameras (one for each 
eye) integrated in the inner eyeglass frame. The glasses recorded at a sampling rate of 30 Hz. Pupillary data were 
collected only from a subset of participants (N = 11).

Functional Localization. A region of interest (ROI) was defined by grouping channels together with the 
same source illuminator; 16 total source illuminators generated 16 total ROIs. In order to reduce the overall 
spatial coverage included in our analysis of cortical activation, we employed a functional localization procedure 
for each participant that identified the single channel within each ROI that responded greatest to each condition. 
Functional localization was accomplished by selecting the largest mean beta contrast for conditions across each 
channel within each ROI. The localized channel within each region of interest was then submitted for statistical 
analysis.

Statistical analysis. Behavioral data analysis. We quantified subject’s performance in each trial as the 
mean distance of the car from the center of the road over the duration of the trial. The mean performance across 
conditions was then submitted to a three-way repeated measures ANOVA with steering (congruent and incon-
gruent), acceleration (no acceleration, with acceleration) and road difficulty (easy, medium, difficult) as three 
factors. This analysis was also performed separately for each session to examine changes in performance in early 
and late stages of the visuomotor task. The deviation from the center was zero in control trials as the car would 
drive autonomously along the center of the road.

fNIRS data analysis. fNIRS data quality checking was carried out using our in-house package34 and fNIRS pre-
processing was performed according to the pipeline described by Brigadoi and colleagues (2014) using Homer 
2 package in Matlab35, 36. Specifically, optical density data were corrected for motion artifacts using wavelet 
motion correction procedure. Then, a band-pass filter with cutoff frequency of 0.01 Hz and 0.5 Hz was applied34 
before converting the optical density data to oxygenated and deoxygenated hemoglobin using the modified 
Beers-Lambert law37. The deoxygenated hemoglobin was used as a proxy of brain activity as it previously showed 
maximum agreement with functional MRI BOLD signal (R = 0.98)38–40. After preprocessing, a general linear 
model was first performed at the individual level.

The task design was modeled as a boxcar, convolved with a hemodynamic response. The model fit was per-
formed for each individual subject across all channels and beta estimates of activity associated with each of the 
six conditions were estimated. We restricted the analysis to cortical regions that showed greater activity in all 
task conditions compared with control. To this purpose, the beta estimates for all task conditions were con-
trasted against corresponding control and the contrasted beta was submitted to a one-sample t-test (p < 0.05, 
FDR corrected).

To identify the regions that differentially respond to cognitive load associated with incongruent steering, 
increasing speed and road difficulty, a three-way repeated measures ANOVA was conducted on beta estimates 
of activity with steering (congruent and incongruent), acceleration (no acceleration, with acceleration) and road 
difficulty (easy, medium, difficult) as three factors of interest. This analysis was also performed separately for each 
session to distinguish the brain regions adapting to novel visuomotor mapping and increased speed in early and 
late stages of the visuomotor task. Further, to examine the cortical regions that adapt to visuomotor task on a 
trial-by-trial basis, we ran a separate model with trial number as a parametric modulator.

Eye tracking data analysis. Pupillometry data were preprocessed using the procedure described in ref. 41. 
Artifacts, including blinks, were identified and replaced using linear interpolations. Data were smoothed using 
a five-point unweighted average and were detrended to eliminate the slow drift in pupil diameter. The average 
changes in left and right pupil diameter in the task trials relative to control were quantified and submitted for 
statistical analysis. To examine the differences in pupil dilation in response to cognitive load associated with 
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incongruent steering, increasing speed and road difficulty, a three-way repeated measures ANOVA was per-
formed on average change in pupil diameter with steering (congruent and incongruent), acceleration (no accel-
eration, with acceleration) and road difficulty (easy, medium, difficult) as three factors. Similar to NIRS analysis, 
this analysis was also performed separately for each session to examine changes in pupil dilation in early and late 
stages of the visuomotor task.

Finally, we performed Spearman’s correlation analysis to quantify the potential association between behavioral 
and pupillary responses with cortical activation.
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