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In every day life, people select motor responses according to arbitrary rules. For
example, our movements while driving a car can be instructed by color cues that we
see on traffic lights. These stimuli do not spatially relate to the actions that they
specify. Associations between these stimuli and actions are called arbitrary
visuomotor conditional associations. Earlier fMRI studies have tried to dissociate the
sensory and motor components of these associations by introducing delays between
the presentation of arbitrary cues and go-signals that instructed participants to perform
actions. This approach, however, also introduces neural processes that are not
necessarily related to the normal real-time production of arbitrary visuomotor
responses, such as working memory and the suppression of motor responses. We used
fMRI adaptation as an alternative approach to dissociate sensory and motor
components. We found that visual areas in the occipital-temporal cortex adapted only
to the presentation of arbitrary visual cues whereas a number of sensorimotor areas
adapted only to the production of response. Visual areas in the occipital-temporal
cortex do not have any known connections with parts of the brain that can control
hand musculature. Therefore, it is conceivable that the brain areas that we report as
having adapted to both stimulus presentation and response production (namely, the
dorsal premotor area, the supplementary motor area, the cingulate, the anterior intraparietal sulcus area, and the thalamus) are involved in the multiple steps between
processing visual stimuli and activating the motor commands that these cues specify.
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Introduction
The brain transforms sensory input into motor output. In the case of grasping visuallypresented objects, people pre-shape their hand to match their three-dimensional
structure. This behavior requires a standard visuomotor transformation from the
object’s geometrical properties to the motor commands acting on the muscles of the
hand. According to Goodale and Milner’s (1992) two-stream hypothesis, standard
visuomotor transformations such as these take place in the dorsal stream of visual
processing. But there are many examples of behavior in which people select motor
responses according to arbitrary rules rather than on the basis of geometrical
properties of objects. For example, our movements while driving a car can be
instructed by color cues that we see on traffic lights (e.g. stepping on the breaks after
seeing a red light). These stimuli do not spatially relate to the actions that they
specify. Such associations are sometimes called arbitrary visuomotor conditional
associations and are thought to involve neural processes that differ from the ones that
are used in standard visuomotor transformations (Wise and Murray, 2000; Wise et al.,
1996).
Although functional neuroimaging studies have identified a number of brain
areas that are invoked during arbitrary visuomotor conditional associations (for
review, see Chouinard and Paus, 2006), it is still unclear as to which part of this
network processes the stimuli, which part transforms the sensory information into the
appropriate action, and which part generates the required motor response. To address
this issue, Toni et al. (1999; 2002a) used event-related functional magnetic-resonance
imaging (fMRI) to dissociate the sensory and motor components of these associations
by introducing a delay between the presentation of arbitrary cues and the go-signals
that instructed participants to perform actions that the cues specified. There is,
however, an important limitation in this approach. The introduction of delays also
introduces neural processes that are not necessarily related to the normal real-time
production of arbitrary visuomotor responses, such as working memory and the
suppression of motor responses. In this study, we used fMRI-adaptation as an
alternative approach to dissociate sensory and motor components without introducing
artificial delays. This approach allows participants to perform arbitrary visuomotor

4

responses in real time, which better simulates how these actions would normally be
performed in everyday life.
Adaption has been studied extensively at the level of both cortical neurons in
monkeys and local hemodynamic changes in the brain of both monkeys and humans
(Grill-Spector et al., 2006). In the case of neuroimaging, if a given brain area contains
neurons that code for a particular stimulus or action, then the hemodynamic response
would be expected to be higher during conditions in which the stimulus or the action
changes across trials as compared to conditions in which the stimulus or the action
remains the same. FMRI adaptation has proved to be an effective way of determining
what is and what is not processed by a particular brain area in vision (e.g. GrillSpector et al., 2006; Chouinard et al., 2008) and motor control (e.g. Dinstein et al.,
2007; Chouinard et al., 2009) as well as in high-level cognitive operations such as
those involved in memory and language (for review, see Schacter et al., 2007), action
recognition (Chong et al., 2008; Lingnau et al., 2009), and illusory percepts
(Chouinard et al., 2009). Therefore, given the proven effectiveness of this technique
in mapping functions to specific brain areas, we thought it would be an excellent way
of parcellating the areas in the brain that are involved during arbitrary visuomotor
conditional associations into those that adapted only to the presentation of the stimuli,
those that adapted only to the production of the responses, and those that adapted to
both.
Similar to a number of earlier fMRI-adaptation studies (e.g. Huettel and
McCarthy, 2000; Huettel et al., 2004; Valyear et al., 2005; Chouinard et al., 2008), a
slow event-related design was used to examine adaptation. Pairs of stimuli were
presented close together (two seconds apart) so that we could examine the effects of
repetition suppression on the BOLD response driven by the second stimulus. We
presented two objects in succession that consisted of the same object presented twice
in row, which required the same response to be made a second time (Same Stimulus
and Same Response), two different objects that required the same response to be made
a second time (Different Stimuli and Same Response), or two different objects that
required two different responses to be made (Different Stimuli and Different
Responses). By presenting pairs of objects in which the stimulus and / or the response
properties were repeated, BOLD to the first object could be assumed to be equivalent
across conditions and any differences in BOLD between conditions would be driven
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by whether or not the stimulus and / or the response properties were repeated in the
second object.

Methods
Overview
Fourteen volunteers (7 females, age range 24 - 35 years, mean = 28.4 years)
participated in the study. Participants had a right-hand preference as determined by a
questionnaire (Oldfield, 1971) and provided informed written consent. Participants
also had corrected-to-normal visual acuity and no history of neurological
impairments. The Research Ethics Board of the University of Western Ontario
(London, Ontario, Canada) approved all procedures. Prior to scanning, participants
had to learn a set of conditional associations between different non-sense objects and
different hand gestures (Fig. 1). Stimuli for non-sense objects were taken from Kroll
and Potter (1984). Five different objects cued participants to perform one of five
different hand gestures for a total of twenty-five different conditional associations.
Participants were first required to study these associations at home (they were given a
sheet of paper to study that depicted the stimuli and the associated hand gestures in
manner similar to what is shown in Fig. 1). Then, the day before scanning, they came
to the laboratory for a training session in which they performed the task until they met
the criterion for learning (learning was achieved when participants could perform the
task for five consecutive blocks of 25 trials without making a mistake). Participants
were told that they should not use any verbal strategies during the performance of the
task.
During the fMRI session, participants maintained fixation on a small circle
(Fig. 2). On a given trial, an image of an object appeared for 500 ms followed by a
mask for 500 ms. One second later, a second image of an object appeared for 500 ms
followed by a second mask for 500 ms. Each trial was followed by a 14-s delay to
allow the hemodynamic response to return to baseline prior to the presentation of
another pair of objects. Pairs of objects consisted either of the same object presented
twice in row, which required the same response to be made a second time (SS-SR:
Same Stimulus – Same Response), two different objects that required the same
response to be made a second time (DS-SR: Different Stimuli – Same Response), or
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two different objects that required two different responses to be made (DS-DR:
Different Stimuli – Different Responses).
Procedures for the training session
One day prior to scanning, participants were trained on the task in our behavioral
laboratory until they reached criterion performance. We used E-Prime (Psychology
Software Tools, Pittsburg, PA, USA) to present stimuli that were resized to 200 × 200
pixels at 150 dpi on a desktop computer. Each of the twenty-five objects was
presented once randomly every 2 s in a block of trials. When participants made a
mistake, we paused the experiment, and then demonstrated to them the correct hand
gesture that corresponded to that stimulus. Participants were encouraged to perform
the different hand gestures as quickly and accurately as possible. Participants were
trained until they were able to perform the task for five consecutive blocks without
making a mistake.
Procedures for the fMRI session
We back-projected stimuli onto a screen in front of the scanner and participants
viewed the stimuli through a mirror attached to the head coil. We used E-Prime to
present the stimuli, which were resized to 200 × 200 pixels at 150 dpi. Stimuli
subtended a visual angle of 6°. Participants maintained fixation on a small circle that
was presented in the center of the screen (Fig. 2). On a given trial, an image of an
object appeared in the center of the screen for 500 ms followed by a mask for 500 ms.
One second later, a second image of an object appeared in the center of the screen for
500 ms followed by a second mask for 500 ms. The fixation circle was always present
throughout a given run – appearing in the middle of objects as they were being
presented to participants. We divided the fMRI study into six 7.2-min runs. Each
object was repeated twelve different times during the entire experiment (twice as the
first object in the SS-SR condition, twice as the second object in the SS-SR
conditions, twice as the first object in the DS-SR condition, twice as the second object
in the DS-SR conditions, twice as the first object in the DS-DR condition, and twice
as the second object in the DS-DR conditions). Across participants, we
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counterbalanced the order of conditions and as well as which stimulus in a pair of
objects was presented first and which was presented second.
In order to minimize head movements related to making hand gestures, a
hemi-cylindrical arm brace with Velcro straps was used to support and restrain the
right upper arm. This arm brace allowed full motion of the wrist, some limited motion
at the elbow, but no motion at the shoulder. Participants were asked to refrain from
rotating their lower arm while making their hand gestures. To ensure that participants
made correct hand gestures in response to each stimulus, we monitored their
movements using an MRI-compatible video camera (MRC Systems, Heidelberg,
Germany).
Scanning was performed on a 3T Siemens Tim Trio MRI system with a
Siemens 32-channel head coil (Erlangen, Germany). An anatomical scan was
performed encompassing the whole brain after half of the functional runs were
completed. This was achieved by collecting 192 one-mm thick slices using a 3-D T1weighted acquisition sequence (TI = 900 ms, TE = 4.25 ms, TR = 2,300 ms, flip angle
= 9 degrees). The in-plane resolution of the anatomical scans was 256 pixels  240
pixels. To collect functional data, we used a T2*-weighted echo-planar imaging
sequence (TE = 30.0 ms, TR = 2,000 ms, flip angle = 78 degrees) for BOLD
acquisition (Ogawa et al., 1992). The field of view was 21.1 cm  21.1 cm with an inplane matrix size of 64 pixels  64 pixels. Each image covered the whole brain except
for the temporal poles and consisted of 38 slices oriented parallel to a line connecting
the base of the cerebellum to the base of the orbitofrontal cortex (isovoxel size = 3.3
mm). There were no gaps between slices and 218 volumes were collected in a run.
Preprocessing of the fMRI data
SPM5 (Statistical Parametric Mapping software, University College of London,
London, UK; available at: http://www.fil.ion.ucl.ac.uk/spm) was used to pre-process
the data and to perform statistical analyses based on a general linear model. The
functional data were aligned to the third volume of the run that followed the
anatomical scan. The first two volumes in each run were excluded because they might
not be representative of steady state. A slice time correction algorithm was used to
correct for differences in acquisition times between slices by re-sampling all slices to
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match the middle slice. Anatomical MRIs were transformed into standardized space
using the ICBM template brain. The functional data were then co-registered to the
anatomical MRIs in standardized space while maintaining the original resolution of
the function data at an isovoxel size of 3.3 mm. Drift was removed from the data with
a high pass filter (cut-off = 128 seconds). For group-level voxel-wise analyses, we
spatially smoothed the data with a 6-mm full-width half-maximum Gaussian filter to
reduce the effects of inter-subject variability in brain anatomy. For subject-level
regions-of-interest (ROI) analyses, we did not smooth the data so as to not diminish
spatial sensitivity. The time course of the response was modeled for each condition
convolved with a standard double-gamma hemodynamic-response function. A
predictor of no interest was also included in the model whenever participants made a
mistake, which did not occur often in this study (range of errors: 0 to 3 errors out of
150 trials; see Results).
Group-level voxel-wise analyses
At the first level of analysis, three predictors were specified in the model for
whenever pairs of DS-DR, DS-SR, and SS-SR objects were presented, and a fourth
predictor was also specified whenever a mistake was made. Three types of contrasts
were performed at the first level: all experimental conditions pooled together for
testing voxels that were activated by our task, DS-SR > SS-SR for testing voxels that
adapted to stimulus presentation only, and DS-DR > DS-SR for testing voxels that
adapted to response production only. After performing these analyses in all
participants, we then carried out the second level of analysis using a random-effects
model. To focus all subsequent analyses in brain areas that were activated by our task,
a group mask was first created that encompassed all voxels in the brain with a Puncorrected value of less than 0.001 from all the experimental conditions pooled. We
then generated a group subtraction map to test whether or not BOLD at a given voxel
in our mask was reduced to pairs of SS-SR objects compared to pairs of DS-SR
objects (i.e. DS-SR > SS-SR) to identify brain areas that adapted to stimulus
presentation. We also generated a group subtraction map to test whether or not BOLD
at a given voxel in our mask was reduced to pairs of DS-SR compared to pairs of DSDR objects (i.e. DS-DR > DS-SR) to identify brain areas that adapted to response
production. A conjunction analysis was also performed between the two contrasts to
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identify brain areas that adapted to both stimulus presentation and response
production. This was achieved by taking at each voxel the minimum t-value between
the two contrasts. We then superimposed these subtraction and conjunction maps
over the average anatomical MRI of all subjects in standardized space to identify
the coordinates of significant results. For determining significance from the
subtraction maps, we used the minimum given by Bonferroni correction and
random-field theory (Worsley et al., 1992) to correct for multiple comparisons in a
search area of 600 cm3. This yielded a threshold of T(13) = 7.3 for reporting a peak as
significant at Pcorr < 0.05 and a threshold size of 225 mm3 (i.e. a threshold size of 7
voxels with an isovoxel size of 3.3 mm) for reporting a cluster of voxels with a Puncorrected value of less than 0.001 as significant at Pcorr < 0.05. To determine
significance in the conjunction analysis, we thresholded the conjunction map at
Puncorr < 0.001 (Nichols et al., 2005). In other words, a given voxel had to yield a
value of Puncorr < 0.001 in each of the conjoined contrasts to be considered significant.
Subject-level ROI analyses
Given that we obtained results in brain areas that were in close proximity to each
other and the problem of inter-subject variability in brain anatomy in standardized
space (Brett et al., 2002a), it was deemed necessary to perform subject-level ROI
analyses to help disambiguate effects between brain areas. To perform these analyses,
we used the MarsBar toolbox for SPM (Brett et al, 2002b: available at
http://marsbar.sourceforge.net).

Each

individual’s

statistical

map

from

all

experimental conditions pooled was used to define the ROIs. We superimposed these
maps over each individual’s anatomical MRI. We then created spheres with a radius
of 3 mm centered at the peak co-ordinates for our ROIs, provided that activity reached
Puncorr < 0.001 and fell within appropriate landmarks (see next paragraphs). Using
these functional and anatomical criteria, we were able to formulate each of our ROIs
in all subjects. We then transformed the BOLD signal in our ROIs as a percent signal
change relative to baseline and then extracted the value of this change for each of the
three conditions. ANOVA was performed on these values using Condition as a
within-subject factor. Tukey’s HSD tests, which corrected for multiple comparisons,
were used to make pair-wise comparisons.
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Given that our subject-level ROI analyses served to verify cerebral
localization for results obtained in the group-level voxel-wise analyses, ROIs were
created for all brain areas that were significant in the group-level voxel-wise analyses
(see Results). We report in Table 1 the mean (and SD) coordinates for each ROI
defined on an individual basis.
In the frontal lobe, we created ROIs for the dorsal premotor area (PMd), the
supplementary motor area (SMA), the primary motor area (M1), the cingulate sulcus
(Cing), and the anterior Insula (aInsula). ROIs for the PMd were located in the rostral
portion of this area near the junction of the precentral and superior frontal sulci
(Picard and Strick, 2001; Chouinard and Paus, 2006). ROIs for SMA were located in
the medial frontal gyrus dorsal to the cingulate sulcus and posterior to the vertical
plane of the anterior commissure (Picard and Strick, 1996; 2001). ROIs for M1 were
located in the ‘hand knob’ of the precentral gyrus (Yousry et al., 1997). ROIs for Cing
were located in the cingulate sulcus near the vertical plane of the anterior commissure
(Picard and Strick, 1996; 2001). ROIs for aInsula were located in the most anterior
part of the insula.
In the parietal lobe, we created ROIs for the anterior intra-parietal sulcus area
(aIPS), the postcentral gyrus (PostCG), and the superior-parietal lobule (SPL). ROIs
for aIPS were located in the lateral bank of the intraparietal sulcus close to where this
sulcus joins the postcentral sulcus (Frey et al., 2005). ROIs for PostCG were located
on the postcentral gyrus lateral and posterior to what we had defined as M1. ROIs for
SPL were located in the anterior portion of the SPL that putatively corresponds to
Brodmann area 5 based on imaging studies performed in post-mortem brains
(Scheperjans et al., 2008).
In the temporal lobe and elsewhere in the brain, we created ROIs for the
lateral-occipital area (LO), the fusiform gyrus (Fus), the thalamus (Th), the anterior
cerebellum (aCereb), and the posterior cerebellum (pCereb). ROIs for LO were
located in the lateral-occipital sulcus (Malach et al., 1995; Kanwisher et al., 1996).
ROIs for Fus were located in the middle-to-posterior portion of the fusiform gyrus
approximately where we (Chouinard et al., 2008; 2009) and others (e.g. Grill-Spector
et al., 2001) have found activation to visually-presented objects. ROIs for Th were
located in the ventral portion of the thalamus. ROIs for aCereb were located in the
lateral portion of anterior lobule rostral to the primary fissure of the cerebellum.
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Finally, ROIs for the pCereb were located in the vermis of the cerebellum caudal to
the primary fissure of the cerebellum.

Results
None of the subjects reported to have verbalized during scanning when they were
informally debriefed at the end of the fMRI session. Inspection of the data revealed
that there we were virtually no visible head movements associated with making the
hand gestures. This was not surprising given that participants refrained from rotating
their lower arm while making the hand gestures and that an arm brace was used to
restrict upper arm movements.
Behavioral performance
During the training session, it took anywhere between five to eleven blocks (mean ±
SD, 7.07 ± 1.67) before subjects achieved our criterion for learning (i.e. no mistakes
in five consecutive blocks). During the fMRI session, eight out of the fourteen
subjects did not make a single mistake out of the 150 trials, two subjects made one
mistake, three subjects made two mistakes, and one subject made three mistakes.
There was no correlation between the number of errors made during fMRI and the
number of blocks that were necessary to achieve learning in the training session (r(12)
= -0.08, p = 0.79). These results are summarized in Fig. 3. Thus, we can conclude that
participants were well trained.
Areas that adapted to both stimulus presentation and response production
A conjunction analysis on the group data revealed that the left PMd, the left SMA, the
Cing, the left aIPS, the left PostCG, and the left Th adapted both to stimulus
presentation and to response production (see voxels shown in blue in Fig. 4; see also
Table 2). Namely, BOLD in these areas was smaller in the SS-SR compared to the
DS-SR condition (adaptation to stimulus presentation) and was also smaller in the
DS-SR compared to the DS-DR condition (adaptation to response production).
Consistent with these results, the subject-level ROI analyses confirmed that BOLD in
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each of these areas was smaller in the SS-SR compared to the DS-SR condition and
was also smaller in the DS-SR compared to the SS-SR response condition (Fig. 5;
Table 5).
Areas that adapted only to stimulus presentation
The group-level voxel-wise analyses revealed that LO in the two hemispheres, the
right Fus, and the right aInsula adapted to stimulus presentation (see voxels shown in
green in Fig. 4; Table 3) but not to response production (Fig. 4; Table 4). Namely,
BOLD in these areas was smaller in the SS-SR compared to the DS-SR condition
(adaptation to stimulus presentation) but was not smaller in the DS-SR compared to
the DS-DR condition. Consistent with these results, the subject-level ROI analyses
confirmed that BOLD in each of these areas was smaller in the SS-SR compared to
the DS-SR condition but was not smaller in the DS-SR compared to the DS-DR
condition (Fig. 5; Table 5).
Areas that adapted only to response production
The group-level voxel-wise analyses revealed that the left M1, the left SPL, the
aCereb in the two hemispheres, the right PostCG, and the right pCereb adapted to
response production (see voxels shown in red in Fig. 5; Table 4) but not to stimulus
presentation (Fig. 4.; Table 3). Namely, BOLD in these areas was smaller in the DSSR compared to the DS-DR condition (adaptation to response production) but was not
smaller in the SS-SR compared to the DS-SR condition. Consistent with these results,
the subject-level ROI analyses confirmed that BOLD in each of these areas was
smaller in the DS-SR compared to the DS-DR condition but was not smaller in the
SS-SR compared to the DS-SR condition (Fig. 5; Table 5).

Discussion
Our results reveal that visual areas in the occipital-temporal cortex (LO and Fus) and
the right anterior Insula adapted only to stimulus presentation whereas a number of
sensorimotor areas adapted only to response production (M1, SPL, and cerebellum).
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Visual areas LO and Fus do not have any known direct connections with parts of the
brain that control hand musculature. Therefore, it is conceivable that the brain areas
that we report as having adapted to both stimulus presentation and response
production (PMd, SMA, Cing, aIPS, Th) are involved in the multiple steps between
processing visual stimuli and activating the motor commands that these cues specify.
Further investigation will be required to understand more precisely what these areas
do during conditional associative tasks. In the ensuing Discussion, we will speculate
about what specific roles that each of these areas might play during conditional
associative tasks based on other neuroimaging work, lesion and electrophysiological
studies in monkeys, and neuropsychological evidence in brain-damaged patients.
Although the precise neural events that account for fMRI adaptation are not
yet understood, what is clear is that neural adaptation occurs at the level of both
cortical neurons and local hemodynamic changes (Grill-Spector et al., 2006).
Therefore, using this approach, one could conceivably make inferences as to whether
or not a given brain area codes for a particular stimulus or a particular action by
contrasting BOLD when a stimulus or an action changed across trials as compared to
when a stimulus or an action remained the same. However, any observed effects could
also be interpreted in terms of additional cognitive processes that might be present
when people are required to switch between tasks. This interpretation cannot be ruled
out entirely for some of the regions that we report as having adapted to both stimulus
presentation and response production – in particular the medial frontal areas SMA and
ACC (see below). On the other hand, these control processes are thought to be more
prevalent when automatic behaviors can no longer be used to achieve particular goals
(for review, see Mansouri et al., 2009). As it turns out, our participants were overtrained on the arbitrary condition tasks prior to being scanned until they met a
conservative criterion for learning. As a result, all movements inside the scanner made
in response to arbitrary cues were well learned and not cognitively taxing. As our
behavioral data indicate, virtually no errors were made while participants were being
scanned (0 to 3 errors out of 150 trials).
Ventral-stream visual areas and arbitrary conditional associations
We observed adaptation to repeated presentation of the same stimulus (but not to
repeated motor responses) in the ventral-stream visual areas LO and Fus. These
14

findings were not particularly surprising given that it is well known that these areas
play a prominent role in processing the visual characteristics of objects.
Neuroimaging studies reveal that these areas respond to the visual presentation of
objects (Malach et al., 1995; Kanwisher et al., 1996; Haxby et al., 2001) and respond
less when the same object is presented again (Buckner et al., 1998; Grill-Spector et
al., 1999; Vuilleumier et al., 2002; Chouinard et al., 2008). These observations
correspond well with the firing properties of neurons in the inferior-temporal cortex in
monkeys that are tuned to specific visual features of objects. Neurons in this part of
the cortex fire upon the visual presentation of objects (Tanaka, 1993) but fire less
when the same object is presented a second time (Sawamura et al., 2006). We also
observed adaptation to stimuli but not responses in the anterior part of the right insula.
Although the anterior insula is not classically viewed as part of the visual system
(Felleman and Van Essen, 1989), it has been implicated in awareness (Craig, 2009).
It is possible, therefore, that neurons in this region are invoked in object recognition
and show adaptation with repeated presentation of the same objects.
Ventral-stream visual areas are thought to play an important role in arbitrary
visuomotor

conditional

associations

as

opposed

to

standard

visuomotor

transformations. Goodale and Milner (1992) have shown that patient DF, who has
profound visual-form agnosia following bilateral occipito-temporal lesions, has no
difficulty performing ordinary visuomotor actions such as grasping simple geometric
forms that she cannot identify perceptually. When DF is required to grasp a tool, a
task which requires the identification of the tool as well as the retrieval of the
functional hand postures associated with that tool, she often fails to generate the
correct hand posture – even though her grasp is metrically accurate (Carey et al.,
1996). In short, selecting the appropriate hand configurations for tools is based on
learned arbitrary visuomotor conditional associations. These associations have to be
triggered by the recognition of the tool and this is where the object-recognition areas
in the ventral stream play a critical role.
Sensorimotor areas and arbitrary conditional associations
We observed adaptation to repeated motor responses (but not to the repeated
presentation of the same stimulus) in the hand area of the left M1, the left SPL, the
right PostCG, and the cerebellum bilaterally. The left M1 is well placed to generate
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movements because it has a direct influence on motor neurons in the spinal cord
(Lemon et al., 2002). It could be the case that adaptation to response production took
place in M1 because the same neuronal pools in this area that innervated motor
neurons in the spinal cord to make the first hand gesture were subsequently used to
make the same second hand gesture during trials in which participants had to make
the same response twice in a row. The SPL, the PostCG, and the cerebellum also send
projections to the spinal cord (Dum and Strick, 1991; 2002; Galea and Darian-Smith,
1994). Unlike M1, however, most of these fibers project to the intermediate zone of
the spinal cord (Dum and Strick, 1991; 2002). The influence of these other areas on
the spinal cord may therefore reflect the preparation and modulation of intrinsic spinal
circuitry (Prut and Fetz 1999; Bizzi et al., 2000) rather than the generation of
independent finger movements which requires a direct excitatory influence on the
spinal motor neurons (Lemon et al., 2002). Alternatively, adaptation to response
production in these areas may relate to the processing of similar somatosensory
feedback received from the spinal cord when the same hand gesture is performed a
second time.
Lack of effects in the prefrontal cortex
It was surprising to us that we could not find any task-related activity in the prefrontal
cortex. Some neuroimaging studies report activation in the ventro-lateral prefrontal
cortex (VL-PFC) during arbitrary conditional associative tasks (Deiber et al., 1997;
Toni et al., 2001a; Eliassen et al., 2003; Law et al., 2005; Monfardini et al., 2008;
Brovelli et al., 2008). Furthermore, Passingham et al. (2000) have argued that the VLPFC is required for learning new arbitrary conditional associations. Yet, it could be
the case that there is no longer a need for the VL-PFC after associations have been
learned. Indeed, neuroimaging studies that have examined the neural correlates
underlying the learning of new arbitrary conditional associations demonstrate
decreases in VL-PFC activity as a function of learning (Toni et al., 2001b; 2002b;
Eliassen et al., 2003; McNamara et al., 2008; Brovelli et al., 2008). This may explain
why did not see any task-related activity in VL-PFC. Participants were well trained
prior to scanning.
PMd and arbitrary conditional associations
16

Earlier work in the monkey has shown that the removal (Petrides, 1982, 1985a;
Halsband and Passingham, 1982, 1985) or temporary inactivation (Kurata and
Hoffman, 1994) of PMd disrupts the ability to use arbitrary visual cues to make
particular movements. In humans, patients with surgical excisions in the frontal
cortex, including portions of PMd, have difficulty learning arbitrary conditional
associations. Petrides (1985b, 1997) showed that these patients have difficulty
learning a task in which different colored lights cued different hand gestures. Taken
together, this evidence shows that PMd is critical for arbitrary visuomotor conditional
associations. So what role does PMd play in arbitrary conditional associative tasks?
PMd is anatomically well-placed to select actions: it receives incoming sensory
information from other parts of the brain (Chouinard et al., 2003) and exerts a direct
influence over M1 (Gerschlager et al., 2001; Munchau et al., 2002; O’Shea et al.,
2007). Because of PMd’s intimate connections with both sensory areas in the brain
and M1, it is conceivable that once arbitrary conditional associations are well learned,
there is no longer a need for higher-order processing in the more rostral areas of the
frontal cortex for establishing these associations.
The thalamus and arbitrary conditional associations
Another area that is thought to be critical for arbitrary conditional associations is the
thalamus. In a study by Canavan et al. (1989), monkeys were trained to pull a handle
when presented with one color cue and to turn it when presented with a different color
cue. Lesions involving the ventral-anterior nucleus of the thalamus, which is known to
project to PMd both in monkeys (Parent and Hazrati, 1995) and in humans (JohansenBerg et al., 2005), severely impaired the relearning of this task. Some have argued
that conditional associative tasks are highly dependent on the basal ganglia because it
is thought to bridge sensory, motor, and reward information that are necessary for
establishing these associations (Murray et al., 2000; Hadj-Bouziane et al., 2003).
Furthermore, corticobasal ganglia–thalamo–cortical loops are known to play
important roles in the processing of information related to movement control (Doyon
et al., 2003). Because the thalamus serves as a final conduit back to the cortex after
information is processed by the basal ganglia, it is conceivable that lesions in the
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thalamus may impair both the performance and the learning of conditional associative
tasks.
The parietal cortex and arbitrary conditional associations
The role of the parietal cortex in arbitrary conditional associations is not clear.
Although some neuroimaging studies have shown that the parietal cortex might have
some role to play in forming these associations during the early stages of learning
(e.g. Eliassen et al., 2003; Brovelli et al., 2008), the removal of different parts of the
parietal cortex in monkeys has no effect on either the retention or the learning of
arbitrary conditional associations (Rushworth et al., 1997). In humans, Halsband and
Freund (1990) examined patients with lesions restricted to either the frontal or the
parietal cortex on arbitrary conditional associative tasks and found that only patients
with damage restricted to the frontal lobe were impaired. Also, some neuroimaging
studies fail to report any involvement of the parietal cortex in the performance of
these tasks (Toni et al., 2001c; Hanakawa et al., 2006; Boettiger and D’Esposito,
2005; McNamara et al., 2008). If the parietal cortex were truly critical for arbitrary
conditional associations, then one might expect to see more consistent activation
across studies. Grol et al. (2006), however, demonstrated that fMRI activation in the
parietal cortex increased as arbitrary visuomotor conditional associations become
more established. Based on this finding, the authors suggested that standard
visuomotor transformations and arbitrary visuomotor conditional associations may no
longer remain ‘neurally’ distinct when the latter becomes automatic. This might
explain why we found adaptation to both stimulus presentation and response
production in both the left aIPS and the left PostCG. These two areas are thought to
play a central role in transforming the visual representation of the geometrical
properties of objects into the motor commands required to grasp these objects
(Culham et al, 2003). Because participants in our study were so well trained
beforehand, their responses to arbitrary cueing became more established and as a
consequence, the same areas (i.e. aIPS and PostCG) that are engaged in standard
visuomotor transformations became activated when they performed these learned
movements in response to arbitrary visual stimuli.
Medial frontal structures in arbitrary conditional associations
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The role of medial frontal structures in arbitrary conditional associations is not well
understood. The removal of medial frontal structures in monkeys has no effect on
either the retention or the learning of arbitrary conditional associations (Passingham,
1987). In humans, brain damage to medial frontal structures is usually not associated
with impairments in arbitrary conditional associations (Freund, 1996). The observed
adaptation in the left SMA and the cingulate in the two hemispheres that we found
may reflect instead differences in demands on response selection. In the DS-SR and
SS-SR conditions, pairs of objects instructed participants to perform the same hand
gesture twice whereas in the DS-DR condition, pairs of objects instructed participants
to perform two different hand gestures. The demands on response-selection
mechanisms were therefore greater for selecting a hand gesture for the second object
in the DS-DR condition as compared to the DS-SR or SS-SR conditions. It also
conceivable that although participants performed the same hand gesture a second time
in both the DS-SR and SS-SR conditions, demands on response selection were also
less when the same object was presented a second time in the SS-SR condition
compared to when a second different object was presented in the DS-SR condition. As
it turns out, firing activity in a number of neurons in the anterior cingulate increases as
a function of response-selection demands (Johnston et al., 2007). Furthermore, we
have seen similar patterns of fMRI adaptation in both the SMA and the cingulate in an
earlier study when participants were required to name pairs of objects that were either
different objects with different names, two different exemplars of an object that
shared the same name, or the same object presented twice in a row (Chouinard et al.,
2008). Thus, it seems likely that adaptation in medial frontal structures reflects
demands on response selection independent of context.
Concluding remarks
Earlier fMRI studies have tried to dissociate the sensory and motor components of
arbitrary visuomotor conditional associations by introducing delays between the
presentation of arbitrary cues and go-signals that instructed participants to perform
actions (Toni et al. 1999; 2002a). This approach, however, introduces behavioral
components that are not necessarily related to arbitrary visuomotor conditional
associations – such as working memory and motor suppression. In this study, we used
19

fMRI-adaptation as an alternative approach to dissociate sensory and motor
components without introducing artificial delays. This approach allowed participants
to perform arbitrary visuomotor responses in real time, which better simulates how
these actions would normally be performed in everyday life.
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Fig. 1. Arbitrary visuomotor conditional associations. Prior to scanning, participants had to learn
conditional associations between the non-sense objects (taken from Knoll and Potter, 1984) and the
hand gestures shown in this figure. Five different objects cued participants to perform one of five
different hand gestures for a total of twenty-five different conditional associations. Participants were
first required to study these associations at home (they were given a sheet of paper to study similar to
what is shown in this figure). Then, one day prior to scanning, they came to the laboratory for a training
session in order to meet our criterion for learning.
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Fig. 2. Experimental paradigm. A) Conditions: for a given trial, an image of an object appeared for
500 ms followed by a mask for 500 ms. One second later, a second image of an object appeared for 500
ms followed by a second mask for 500 ms. Each trial was followed by a 14-s delay to allow the
hemodynamic response to return to baseline prior to the presentation of another pair of objects. Pairs of
objects consisted either of the same object presented twice in row, which required the same response to
be made a second time (SS-SR: Same Stimulus – Same Response; in red), two different objects that
required the same response to be made a second time (DS-SR: Different Stimuli – Same Response; in
green), or two different objects that required two different responses to be made (DS-DR: Different
Stimuli – Different Responses; in blue). B) Contrasts: we tested whether or not BOLD was reduced in
the SS-SR compared to the DS-SR condition to identify brain areas that adapted to stimulus
presentation. This is because although both the stimulus and the response are being repeated in the SSSR condition, subtraction logic leaves us with only adaptation to stimulus. We also tested whether or
not BOLD was reduced in the DS-SR compared to the DS-DR condition to identify brain areas that
adapted to response production. This is because the only thing that is being repeated in the DS-SR
condition is the response.
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Fig. 3. Behavioral results. A) Learning in training session: it took anywhere between five to eleven
blocks (mean + SD, 7.07 + 1.67) before subjects achieved our criterion for learning (i.e. no mistakes in
five consecutive blocks). B) Errors in fMRI session: eight out of the fourteen subjects did not make a
single mistake out of the 150 trials, two subjects made one mistake, three subjects made two mistakes,
and one subject made three mistakes (mean + SD, 0.79 + 1.05). There was no correlation between the
number of errors made during fMRI and the number of blocks that were necessary to achieve learning
in the training session (r(12) = -0.08, p = 0.79).
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Fig. 4. Group-level voxel-wise analyses. Brain areas with voxels in blue adapted to both stimulus
presentation and response production; in other words, brain areas that had voxels with greater BOLD in
the DS-SR (Different Stimuli – Same Response) condition compared to the SS-SR (Same Stimulus –
Same Response) as well as greater BOLD in the DS-DR (Different Stimuli – Different Responses)
condition compared to the DS-SR (Different Stimuli – Same Response) condition. Brain areas with
only voxels in green adapted to only stimulus presentation; in other words, brain areas that had only
voxels with greater BOLD in the DS-SR (Different Stimuli – Same Response) condition compared to
the SS-SR (Same Stimulus – Same Response). Brain areas with only voxels in red adapted to only
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response production; in other words, brain areas that had only voxels with greater BOLD in the DS-DR
(Different Stimuli – Different Responses) condition compared to the DS-SR (Different Stimuli – Same
Response) condition. The statistical map shown in this figure was merged with the average anatomical
MRI of all participants in standardized space and was thresholded using cluster analysis (see Methods).

32

Fig. 5. Subject-level ROI analyses. Graphs show the mean percent-signal change from unsmoothed
BOLD data extracted from ROIs that were defined in each individual (see Methods) ± 95% confidence
intervals for within-subject contrasts (Loftus and Masson, 1994). On the X-axes, conditions are
abbreviated in the following manner: DS-DR (Different Stimuli – Different Responses), DS-SR
(Different Stimuli – Same Response), and SS-SR (Same Stimulus – Same Response). Y-axes are scaled
differently to better distinguish differences between conditions. Asterisks (*) denote significant
differences between conditions using Tukey’s HSD tests (p < 0.05). See Table 1 for the mean (and SD)
coordinates for each ROI defined on an individual basis.
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Table 1. Mean (and SD) coordinates for ROIs defined in each individual for the subject-level ROI
analyses.
X

ROI

Y

Z

L

PMd

Mean (SD)
-31 (6)

Mean (SD)
-10 (4)

L

SMA

-2 (2)

-9 (5)

L

M1

-39 (6)

-25 (5)

61 (4)

L

Cing

-3 (3)

0 (6)

52 (4)

L

aIPS

-45 (5)

-40 (5)

56 (4)

L

PostCG

-44 (5)

-36 (8)

62 (5)

L

SPL

-32 (7)

-50 (7)

64 (4)

L

Th

-9 (2)

-19 (2)

12 (3)

L

LO

-46 (5)

-77 (8)

-7 (6)

L

aCereb

-34 (6)

-52 (4)

-28 (3)

R

Cing

3 (2)

5 (7)

51 (4)

R

aInsula

39 (7)

18 (7)

3 (7)

R

PostCG

40 (6)

-37 (7)

58 (4)

R

LO

47 (4)

-77 (5)

-7 (7)

R

Fus

32 (8)

-58 (7)

-16 (6)

R

aCereb

31 (8)

-52 (4)

-24 (3)

R

pCereb

6 (4)

-65 (7)

-21 (7)

Coordinates are in ICBM space.
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Mean (SD)

62 (4)
65 (5)

Table 2. Adaptation to both stimulus presentation and response production as determined by
conjunction (group-level voxel-wise analyses).
DS-SR > SS-SR ∩
DS-SR > SS-SR
L PMd

X

Y

Z

T(13)

-26

-13

56

6.0

L

SMA

0

-7

69

4.1

L

Cing

-7

3

53

4.4

L

aIPS

-50

-30

50

5.2

L

PostCG

-46

-46

56

6.0

L

Th

-7

-26

-3

4.4

Coordinates are in ICBM space.
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Table 3. Adaptation to stimulus presentation (group-level voxel-wise analyses).
DS-SR > SS-SR

X

Y

Z

T(13)

Cluster (p < 0.001) Extent, mm3

L

PMd

-26

-16

59

6.1

431

L

SMA

-7

-10

59

5.3

611

L

aIPS

-40

-46

49

4.7

1,761

L

PostCG

-46

-33

53

6.8

L

Th

-7

-23

0

7.1

575

L

LO

-43

-73

-7

5.7

755

L

Cing

-7

-3

53

4.3

467

R

Cing

7

3

56

4.3

R

aInsula

33

26

3

6.0

287

R

LO

49

-69

-7

5.9

251

R

Fus

33

-53

-17

6.7

1,294

Coordinates are in ICBM space.
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Table 4. Adaptation to response production (group-level voxel-wise analyses).
DS-SR > SS-SR

X

Y

Z

T(13)

Cluster (p < 0.001) Extent, mm3

L

PMd

-26

-13

56

6.1

934

L

SMA

-7

-3

69

5.0

431
2,372

L

M1

-40

-23

66

4.7

L

aIPS

-50

-30

46

5.5

L

PostCG

-46

-36

56

6.4

L

SPL

-30

-49

66

5.6

L

Th

-7

-26

-3

5.9

L

aCereb

-26

-56

-23

7.1

251

L

Cing

-3

0

53

5.9

1,653

R

Cing

7

3

49

6.2

R

PostCG

40

-43

59

5,6

251

R

aCereb

20

-56

-23

4.7

251

R

pCereb

10

-69

-23

6.4

359

Coordinates are in ICBM space.
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Table 5. Results from subject-level ROI analyses
Brain areas

Significant adaptation as determined by pair-wise comparisons

F(2,26)

L

PMd

Stimulus (DS-SR > SS-SR), Response (DS-DR > DS-SR)

43.16

L

SMA

Stimulus (DS-SR > SS-SR), Response (DS-DR > DS-SR)

27.64

L

Cing

Stimulus (DS-SR > SS-SR), Response (DS-DR > DS-SR)

36.70

L

aIPS

Stimulus (DS-SR > SS-SR), Response (DS-DR > DS-SR)

36.73

L

PostCG

Stimulus (DS-SR > SS-SR), Response (DS-DR > DS-SR)

38.20

L

Th

Stimulus (DS-SR > SS-SR), Response (DS-DR > DS-SR)

14.73

L

LO

Stimulus (DS-SR > SS-SR)

6.49

L

M1

Response (DS-DR > DS-SR)

9.73

L

SPL

Response (DS-DR > DS-SR)

17.78

L

aCereb

R

Cing

Response (DS-DR > DS-SR)

14.46

Stimulus (DS-SR > SS-SR), Response (DS-DR > DS-SR)

33.92

R

aInsula

Stimulus (DS-SR > SS-SR)

6.49

R

LO

Stimulus (DS-SR > SS-SR)

10.45

R

Fus

Stimulus (DS-SR > SS-SR)

28.28

R

PostCG

Response (DS-DR > DS-SR)

23.45

R

aCereb

Response (DS-DR > DS-SR)

10.50

R

pCereb

Response (DS-DR > DS-SR)

10.11
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