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Striatal dopamine is involved in facilitation of motor action as well as various cognitive
and emotional functions. Positron emission tomography (PET) is the primary imaging
method used to investigate dopamine function in humans. Previous PET studies have
shown striatal dopamine release during simple finger tapping in both the putamen
and the caudate. It is likely that dopamine release in the putamen is related to motor
processes while dopamine release in the caudate could signal sustained cognitive
component processes of the task, but the poor temporal resolution of PET has hindered
firm conclusions. In this study we simultaneously collected [11C]Raclopride PET and
functional Magnetic Resonance Imaging (fMRI) data while participants performed finger
tapping, with fMRI being able to isolate activations related to individual tapping events.
The results revealed fMRI-PET overlap in the bilateral putamen, which is consistent
with a motor component process. Selective PET responses in the caudate, ventral
striatum, and right posterior putamen, were also observed but did not overlap with
fMRI responses to tapping events, suggesting that these reflect non-motor component
processes of finger tapping. Our findings suggest an interplay between motor and non-
motor-related dopamine release during simple finger tapping and illustrate the potential
of hybrid PET-fMRI in revealing distinct component processes of cognitive functions.

Keywords: finger tapping, PET, fMRI, dopamine, cognitive component, striatum

INTRODUCTION

Simple motor tasks like finger tapping have frequently been used to probe the human motor system
both in health (Riecker et al., 2003; Turesky et al., 2018) and disease (Elsinger et al., 2003; Wu et al.,
2010; Wurster et al., 2015). The striatum is involved in the facilitation of desirable movements
and inhibition of undesirable movements; striatal dopamine (DA) release patterns mediate the
execution of desirable movements (Albin et al., 1989; DeLong, 1990; Calabresi et al., 2014).
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Additionally, the striatum supports the processing of information
related to both higher cognitive functions (Cohen and Frank,
2009) and incentives (e.g., Haber and Knutson, 2010). The
striatum receives projections from most of the cerebral cortex as
well as DAergic input from the midbrain (Haber and Knutson,
2010), which makes the striatum a convergent area where DA
modulates limbic, associative and sensorimotor functions.

Positron emission tomography (PET) is the primary
imaging method to investigate DAergic functions in humans.
[11C]Raclopride is an antagonist for the DA D2 receptors (Farde
et al., 1986), and the binding profile of [11C]Raclopride has been
shown sensitive to competition with endogenous DA (Laruelle,
2000). Binding competition occurs when endogenous DA levels
are increased in the striatum, reducing the concentration of free
D2 receptors available for [11C]Raclopride binding (Dewey et al.,
1993). Using [11C]Raclopride and the “binding competition”
principle, DA release in the bilateral putamen and the caudate
during unrewarded finger tapping has been demontrated
(Badgaiyan et al., 2003; Goerendt et al., 2003). Both Badgaiyan
et al. (2003) and Goerendt et al. (2003) speculated that DA release
in the putamen was reflective of motor demands, consistent with
known anatomical projections to the motor cortex, while the
caudate responses may have reflected non-motor processes such
as learning or attention, which are likely to occur at different
timescales than the transient motor specific aspects of the task.
Indeed, [11C]Raclopride displacement studies have revealed DA
release in the caudate and putamen during executive processes
(Monchi et al., 2006; Dahlin et al., 2008; Lappin et al., 2009)
and in the ventral striatum (VS) during rewarded conditions
(Pappata et al., 2002; Joutsa et al., 2012; Jonasson et al., 2014).
Thus, comparisons across studies support the hypothesis that DA
release in striatal regions during motor tasks is reflective not only
of the motor demands per se but also cognitive contributions.
By this view, the striatum emerges as an important locus for the
interplay between cognition and motor control. With the DA
system playing a key role in many psychiatric and neurological
disorders (Brisch et al., 2014; Belujon and Grace, 2017; Martini
et al., 2018), a precise understanding of spatiotemporally
specific DAergic functions in the human striatum is important.
Several lines of work indicate a regionally distinctive functional
architecture of striatal DA (Haber and Knutson, 2010), but direct
evidence for such distinctions in humans has remained elusive.
This omission primarily pertains to the inherently limited
temporal resolution of in vivo PET-techniques (at the timescale
of minutes at best), inhibiting the separation between transient
motor activity and sustained cognitive component processes.

Recent technological developments have allowed the
simultaneous acquisition of PET and fMRI. This opens up the
possibility to investigate neurochemical processes such as DA
release from PET concomitant with neurovascular responses
[i.e., the blood-oxygen-level-dependent (BOLD) response from
fMRI] during tasks in humans. Using the BOLD response, it is
possible to investigate brain activity non-invasively at a timescale
of seconds, which provides an opportunity to disentangle short
periods of task states (i.e., finger movements) from sustained
task set (e.g., related to attention or motivation; for review see
Petersen and Dubis, 2012). In a simple finger tapping task,

modeling the fMRI data as periods of movement vs. rest yields a
robust BOLD response mostly confined to the putamen (Lehéricy
et al., 2006; Witt et al., 2008).

In this study, we simultaneously collected [11C]Raclopride
PET and fMRI to investigate DA release and BOLD response in
nine human participants while they performed a finger tapping
task consisting of long (several minutes) blocks of tapping and
blocks of rest. Importantly, the task design permitted us to
capture neuronal activation specific to the transient component
of finger movements at the timescale of seconds using fMRI,
while PET was used to identify striatal regions where DA release
was related to the task at both faster and slower temporal scales.
That is, the fMRI analysis was tuned to identify the regions that
were more likely related to the fast component of motor activity,
while the maps identified by using PET provided an overall
spatial DAergic activity pattern regardless of task component
process. By comparing the statistical spatial maps from both
modalities, we hence theorized that signal overlap would reflect
striatal DA release in response to the transient motor components
of task, while DA release without task-specific BOLD response
was hypothesized to reflect non-motor components of the task,
e.g., motivation or attention. The aim of this study was to test
the hypothesis that striatal DA release during motor function
is associated with motor as well as non-motor processes, in a
spatially distinct manner. In order to further understand the
nature of non-motor contributions, we used the non-overlapping
areas as seeds in a resting state functional connectivity analysis
to map their functional coupling to cortical systems, thereby
constraining the interpretation of their functional contribution.

MATERIALS AND METHODS

Participants
Participants were recruited via ads placed around Umeå
University campus, targeting young healthy adults between
20–40 years of age. Exclusion criteria included history of
head trauma, current or past diagnosis of neurological or
psychiatric illness, drug or alcohol dependence, and use
of psychopharmaceuticals or stimulants other than caffeine
or nicotine for the past 6 months. Individuals with MR-
incompatible metallic implants or objects in their body were
excluded. Pregnant or breast-feeding women, as well as
individuals having previously undergone PET scanning for
research purposes were excluded due to radiation safety reasons.
All included participants were right-handed. One participant was
excluded due to excessive head motion during the scan. The
resulting sample size consisted of 9 healthy young adults (mean
age = 24.9, SD = 4.2, range 20–34; mean height = 172.7, SD = 12.9,
range 151–196; mean weight = 71.78, SD = 13.1, range 55–
98; 5 females). This study was approved by the Regional Ethics
Committee at Umeå University (2015/239-31).

Procedure
Upon arrival, participants were informed about the study and
signed an informed consent form. An intravenous needle used for
infusion was placed in the left arm. Participants were then placed
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FIGURE 1 | Variations of the finger tapping task paradigm. Black line in (A–D)
represents blocks of tapping. Two participants had a single block (13.2 min; A)
with the onset 20 min from PET acquisition start. Two participants had a single
block (13.2 min; B) with the onset 33.33 min from PET acquisition start. Three
participants had two blocks (6.5 min; C) with the onset 20 and 33.33 min from
PET acquisition start. Two participants had four blocks (5.2 min; D) with the
onset 20, 30.66, 41.33, and 52 min from PET acquisition start.

into the scanner bore where a mirror mounted on the scanner
coil directed their gaze toward a screen located behind the
scanner. Task instructions were prompted on the screen during
the experiment. A T1-weighted structural image was collected,
followed by a resting state T2∗-weighted sequence. Participants
were injected with [11C]Raclopride at the start of the PET scan.
Twenty minutes later the task T2∗-weighted sequence started.

Experimental Design
The task consisted of sequential finger tapping with the right
hand (index, middle, ring, little finger). Participants were told
to self-pace their tapping and were visually cued to tap for 10 s
and then rest for 10 s until they were cued to start tapping again.
The embedding of this on-off design within the task periods was
chosen to fit the temporal resolution of BOLD response so that
the BOLD signal would increase during the tapping event while
allowing it to decrease during the rest inter trial intervals. The
tapping task was partitioned into blocks with differing number of
blocks, duration, and onset times between participants which can
be seen in Figure 1. Note that, since the individual displacement
maps were averaged across subjects for the main analysis, the
individual differences in design were not of interest to the current
study. Nevertheless, since it is unknown how short task blocks
may be in [11C]Raclopride displacement study, we present the
analyses of individual maps in Supplementary Material. These
analyses showed that all task block lengths between 5 and 13 min
were able to elicit displacement.

PET/MRI Acquisition, Processing, and
Analysis
Imaging was performed on a 3T General Electric Signa PET-
MR system with a 15-channel head coil. Behavioral data
(button presses) were recorded with an MR-compatible 4-button
response pad from Cambridge Research Systems. The data was
collected between November 2015 and March 2016.

T1-Weighted
Structural T1-weighted images were acquired for 7.36 min with
the following acquisition parameters: [FOV: 25 × 20 cm2, matrix:
256 × 256, Slice Thickness: 1 mm, Slices: 180, TE: 3.1 ms,

TR: 7,200 ms, Flip Angle: 12, Bandwidth: 244.1 Hz/Pixel]. T1
images were used for segmenting the brain into anatomical
compartments using Freesurfer (Fischl, 2012) and normalization
to standard MNI space using a preliminary 12 degrees of freedom
registration with FMRIB’s Linear Image Registration Tool
(FLIRT) followed by a non-linear registration using FMRIB’s
Non-linear Image Registration Tool (FNIRT), resulting in 2 mm
isotropic voxels.

Positron Emission Tomography
The participants were injected with a bolus plus constant
infusion of [11C]Raclopride (Kbol = 105 min, Watabe et al.,
2000) commencing at start of PET scan. Following the local
standard protocol for [11C]Raclopride studies (e.g., Jonasson
et al., 2014; Nevalainen et al., 2015), 250 MBq was delivered to
the participant during the experiment. A 60 min (20 × 60 s,
30 × 80 s) dynamic time-of-flight acquisition and an MR-based
attenuation correction was collected. The data was reconstructed
to a voxel size of 1.56 × 1.56 × 2.78 mm3, employing a resolution
recovery OSEM algorithm (3 iterations, 28 subsets, 3.0 mm post
filter), with decay, randoms, scatter, and attenuation corrections
applied. The data were then motion corrected using FSL’s mcflirt
with mutual information as cost function to the 25th frame
using framewise rigid body alignment, processed using a HYPR
filter (Christian et al., 2010), and temporally smoothed using a
three-frame Gaussian kernel ([0.25 0.50 0.25]).

Linear parametric neurotransmitter PET (lp-ntPET) was used
to estimate voxelwise dynamic binding potentials (Normandin
et al., 2012; Sander et al., 2013; Johansson et al., 2019).
First, multilinear reference tissue modeling with fixed k2’ was
conducted. An additional time-dependent term was then fitted
to the data for each task block to account for [11C]Raclopride
displacement. The time-dependent term was defined as the best
least-squares solution of a library of gamma functions (Madsen,
1992) with varying α controlling growth and decay rate. This
approach takes into account inter-individual as well as inter-
regional differences in [11C]Raclopride displacement, adaptive
with the unknown shape and onset of dopamine release related
to finger tapping. The best solution for each voxel results in
individual t-statistics maps of [11C]Raclopride displacement
during the tapping task.

Individual task timings were considered only in the first-
level model. The individual t statistics maps were then taken
to a second level analysis using FSL’s randomize function
(512 permutations; uncorrected p-value) which estimated the
group mean [11C]Raclopride displacement using a one-
sample t-test, independent of each person’s individual on-
and offsets (which were not of interest to the current
analysis). Thus, the final group map provided a statistical map
of coherent spatial locations of DA release during task as
compared to rest.

Functional Magnetic Resonance Imaging
All BOLD fMRI data were collected with the same sequence
parameters (FOV: 25.6, Matrix: 96 × 96, Slice Thickness:
3.6 mm, TE: 30 ms, TR: 4,000 ms, Flip Angle: 80◦, Acceleration
Factor: 2.0). Acquisition of BOLD resting state data started
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after the T1-weighted image and data was collected for
6.67 min. Acquisition of BOLD task data commenced 20 min
after the PET acquisition started and was collected for
40 min (Figure 1).

The task data was pre-processed following conventional steps
for fMRI as implemented in FSL FEAT1. Briefly, this included
motion correction by volume-wise rigid body transformation
to the first volume, slice timing correction, spatial smoothing
(FWHM 5 mm), high pass (50 s) temporal filtering. Single subject
task data was analyzed using a general linear model (GLM) with
a single on-off regressor of interest describing finger tapping
events. The beta estimates from the single subject analysis were
taken into a second level group analysis using FSL’s randomize
function (512 permutations; uncorrected p-value) estimating the
group mean using a one-sample t-test.

The resting state data was motion corrected by volume-
wise rigid body transformation to the first volume, slice timing
corrected, and 24 motion parameters as well as framewise
displacement outliers were regressed out from the data.
Minimally preprocessed images were then non-linearly registered
to MNI-space using FNIRT. White matter, cerebrospinal fluid,
and global signal was regressed out and the data was spatially
smoothed (FWHM 5 mm) and band pass filtered (high pass
0.01 Hz, low pass 0.1 Hz). Striatal seeds identified from
the lp-ntPET analysis were used in a whole brain functional
connectivity analysis to provide indications of their connected
cortical targets and thereby constrain the interpretation of their
functional contribution. For this, each time-series from the
striatal seeds were individually correlated (Pearson’s correlation)
with each voxel’s time-series for the whole brain. Individual
correlation maps were then Fisher’s r-to-z transformed and
entered to a second level group analysis. The resulting group
t-statistic maps were given a threshold of t > 2.9 corresponding
to an uncorrected p-value (one-tailed; df = 8) of 0.01 to
investigate each seed’s strongest functional coupling. The group
t-statistics maps were projected to a cortical surface for
visualization purposes.

Modality Overlap
A first pass qualitative assessment of overlap/non-overlap
between modalities was performed at an (arbitrary) t-threshold
of 2.9 (p = 0.01) for the fMRI group map and a p-threshold
of 0.05 for the group PET map. To ensure robustness of
assessment a voxel overlap percentage count was conducted
for stepwise [t(step) = 0.1] increasing t-thresholds [t(min) = 1,
t(max) = 3.5]. This analysis was made to confirm that
overlap/non-overlap definitions were threshold-independent.
Overlapping and non-overlapping clusters were then assigned to
their appropriate anatomical compartment (putamen, caudate,
VS). Once overlap/non-overlap and anatomical compartment
ROIs were established, the lp-ntPET analysis was performed
again on the time activity curves extracted from the ROIs
to confirm [11C]Raclopride displacement for each ROI and
individual (Supplementary Material).

1https://fsl.fmrib.ox.ac.uk/

TABLE 1 | Group-level significant [11C]Raclopride displacement clusters.

Location Number of voxels Mean t-stat Peak t-stat Overlap

Putamen Left middle-
anterior

78 2.63 6.19 YES

Right
anterior

28 2.37 3.26 YES

Right
middle

24 2.90 5.38 YES

Right
posterior

63 3.07 6.07 NO

Caudate Left anterior 19 2.36 2.87 NO

Right
anterior

106 2.70 7.80 NO

Right
posterior

24 2.63 3.49 NO

VS Left 27 2.36 3.34 NO

Right 16 2.55 3.84 NO

RESULTS

Widespread Dopamine Release in
Response to Finger Tapping
Mean finger tapping frequency during the task blocks was
1.95 ± 0.11 Hz. The voxelwise lp-ntPET analysis showed
[11C]Raclopride displacement in several areas of the striatum.
Four clusters were observed in the bilateral putamen, three
clusters in the bilateral caudate, and two clusters in the bilateral
VS (Table 1). Because of close spatial proximity of these
smaller clusters within anatomically defined regions such as the
caudate, the clusters within each anatomically defined region
were combined for further analysis (Table 1).

Putamen BOLD Response and Modality
Overlap/Non-Overlap
The voxelwise fMRI GLM contrast [tapping > rest] showed a
bilateral response in the putamen (left: p = 0.002, cluster size
990 voxels, peak t-stat = 8.06; right: p = 0.002, cluster size 953
voxels, peak t-stat = 5.25). The response was more wide-spread
and stronger in the left putamen than in the right putamen
(Figure 2), consistent with predominant contralateral activation
during movement.

Overlap between [11C]Raclopride displacement and task
fMRI response was observed in distinct parts of the putamen
(Figure 2). The clusters overlapped well at all thresholds, with
84% of voxels overlapping at an fMRI threshold of p = 0.01.
Conversely, the non-overlapping clusters showed poor overlap
even at lower threshold, indicating that overlap/non-overlap
definitions were relatively threshold-independent. Four general
patterns were established: bilateral putamen overlap, ipsilateral
putamen non-overlap, caudate non-overlap, and VS non-overlap
(Figure 2). An exploratory analysis of the BOLD timecourse in
the non-overlapping clusters showed that non-overlap was not
driven by a shifted or negative BOLD signal in relation to the task
regressor (Supplementary Figure 1, top).
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FIGURE 2 | Results from the group lp-ntPET analysis (blue solid color) and
the group analysis of the fMRI GLM (red to yellow gradient). Four unique
patterns of clusters were observed based on modality overlap and anatomical
belonging: putamen overlap, putamen non-overlap, caudate non-overlap, and
VS non-overlap. Percentage overlap of the PET clusters was calculated for
different fMRI thresholds (bottom right plot). Increasing the threshold reduced
the percentage intersection of the non-overlapping clusters, while the
overlapping clusters remain at a high level of intersection even at more
conservative thresholds. Dotted line represents the threshold used in the brain
figures.

A supplementary ROI based lp-ntPET analysis of the four
clusters of interest confirmed [11C]Raclopride displacement
for each ROI (Supplementary Figure 1, bottom). Moreover,
this ROI-based lp-ntPET showed that differences in task
block timing between individuals did not affect the ability
to detect [11C]Raclopride displacement, supporting our
approach that individual maps can be collapsed across subjects
(Supplementary Material).

Functional Coupling of Dopamine
Release Clusters
The voxelwise seed-based functional connectivity analysis
showed that putamen overlap was functionally coupled
to the bilateral motor cortices, supplementary motor
area (SMA), anterior cingulate cortex (ACC), and insula.
Putamen non-overlap showed similar functional coupling
as the putamen overlap. Caudate non-overlap showed
functional coupling to the ACC. VS non-overlap showed
functional coupling to the medial prefrontal cortex and
ACC (Supplementary Figure 2). Overlapping functional
coupling between the putamen non-overlap, caudate non-
overlap, and VS non-overlap seeds was observed in the
ACC (Figure 3).

FIGURE 3 | Cortical resting state functional coupling of the non-overlapping
clusters. The putamen non-overlap cluster shows functional connectivity to
the supplementary motor area and anterior cingulate cortex, the caudate
non-overlap cluster shows functional connectivity to the anterior cingulate
cortex, the VS non-overlap cluster show functional connectivity to the
ventromedial prefrontal cortex and anterior cingulate cortex. A trilateral
intersection of functional coupling is observed in the anterior cingulate cortex
(black circle) possibly indicating a locus of integration among attentional
(caudate), motivational (VS), and motor (putamen) component processes.

DISCUSSION

Striatal DA release is known to facilitate movements (Albin et al.,
1989; DeLong, 1990; Calabresi et al., 2014). Previous studies
have shown that unrewarded finger tapping elicits widespread
striatal DA release (Badgaiyan et al., 2003; Goerendt et al., 2003)
providing support for models that assert an important role for
DA during motor function. In this study we utilized a novel
multimodal PET and fMRI approach to provide support for
the hypothesis that striatal DA release during finger tapping
can be dissociated into both motor and non-motor component
processes, which previously has not been possible with PET alone.
Specifically, we exploited the temporal fidelity of fMRI to identify
the spatial loci related to the direct motor component, while the
PET measure of DA release was temporally insensitive thereby
revealing the overall pattern of striatal DA during the task.
The complementary information provided by both modalities
permitted us to make conclusions about the overlapping and
non-overlapping regions of responses. Overlap of responses was
interpreted as DA signaling specifically related to motor function,
while non-overlap was interpreted as DA related to the task as a
whole which includes component processes related to attentional
demands. Below, we discuss these findings in relation to existing
knowledge on striatal functional organization.

Dopamine Release and BOLD Response
Overlap in the Bilateral Putamen During
Finger Tapping
In line with previous comparisons across studies (Badgaiyan
et al., 2003; Goerendt et al., 2003; Witt et al., 2008) and
known anatomy, we observed overlapping loci of DA
release and fMRI responses to finger tapping only in the
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putamen. As expected, this outcome concords with the
putamen as the primary motor region of the striatum
(Albin et al., 1989; DeLong, 1990; Calabresi et al., 2014),
and provides direct evidence that fMRI responses in
humans are spatially congruent with dopaminergic activity.
Moreover, the location of overlapping BOLD response and
DA release was functionally coupled in fMRI with the SMA
and bilateral motor cortex (as well as ACC), providing
further support that signals from both modalities reflect
the modulation of activity in cortico-thalamic loops that
regulate motor functions (Alexander et al., 1986). Because
fMRI is cheaper, faster and less invasive than functional
PET, this finding, albeit expected, highlights the potential
for fMRI as a biomarker of dopaminergic function in
the motor pathway, for example in studies of Parkinson’s
disease (Bloem et al., 2019). The spatial convergence between
sites of DA release and fMRI task activity encourages a
larger study in which individual differences are probed to
establish whether larger fMRI responses are proportional
to greater DA release during a simple tapping task, which
additionally would establish task fMRI as a biomarker of
neurochemical dysfunction.

An intriguing and unexpected finding with respect to the
motor compartment was that of DA release in the ipsilateral
(right) posterior putamen, which was incongruent with the
BOLD pattern. The lack of BOLD response in this area suggests
a divergence of DA function compared to where the PET and
fMRI modalities overlap, possibly relating to differences in DA
release patterns (Liu et al., 2021) or differences of co-release
of inhibitory, excitatory, or other modulatory neurotransmitters
(Hnasko and Edwards, 2012; Tritsch et al., 2016). The posterior
putamen was functionally coupled to similar areas as the
overlapping putamen clusters (SMA, bilateral motor cortex,
and ACC), suggesting a role in modulation of cortico-thalamic
regulating motor functions. However, the exact nature of such
modulation remains unclear. The putamen non-overlap cluster
was uniquely identified by combining PET and fMRI imaging,
which speaks to the value of multimodal imaging for researching
novel biomarkers.

Dopamine Release in the Caudate and
Ventral Striatum Related to Finger
Tapping
Striatal DA release in the caudate during finger tapping has been
assumed to reflect learning, response selection, predictability
of events, and progression tracking (Badgaiyan et al., 2003;
Goerendt et al., 2003). Such interpretations have been made
based on the locus of DA release, but it has not been possible to
definitively dissociate this response from DA release concurrently
observed in the putamen. The current task did not involve any
apparent learning component nor complicated motor sequence
executions, but it did involve predictable events. The BOLD
response to event prediction could be expected to precede
the event, causing a moderate fit to the defined regressor or
even negatively correlating with the regressor. However, in an
additional analysis, the observed BOLD response in caudate
neither positively nor negatively correlated with the regressor

(Supplementary Figure 1), which speaks against event prediction
or other event-tied component process. An alternative possibility
may then be a role in some form of sustained external or
internal monitoring, which is common across different finger
tapping tasks. The caudate is known to be related to executive
functions such as generation and monitoring of appropriate
strategies needed to achieve certain goals (Grahn et al., 2008).
In support of this interpretation, the caudate DA release
cluster was functionally coupled with the ACC (Figure 3).
Among many functional roles assigned to the ACC, it is part
of the brain’s attention network (Posner and Petersen, 1990;
Weissman et al., 2005; Yeo et al., 2011), and has been associated
with error monitoring (Kiehl et al., 2000; Swick and Turken,
2002). Thus, DA release in the caudate might be related to
attentional demands associated with tracking the progression
of a tapping sequence, consistent with the interpretation by
Goerendt et al. (2003).

More generally, the present finding of dissociable PET-
MRI pattern in putamen and caudate encourage the design
of functional imaging experiments that are able to isolate
component processes (e.g., by a mixed design that allows to
model both sustained set and events). Such designs may then
be able to identify and monitor regionally specific courses of
DA degeneration in disease. To give a concrete example, in an
fMRI-experiment the caudate response to task set may serve as
a within-patient reference to infer the severity of Parkinson’s
disease-pathology in the motor-putamen.

DA release was also observed in the bilateral VS, which to
our knowledge has not been reported in the literature during
unrewarded finger tapping which may reflect the fact that our
PET model was less constrained than in previous work. The
VS is an area integrally linked with incentive processing (e.g.,
Ikemoto and Panksepp, 1999; Knutson and Greer, 2008; Haber
and Knutson, 2010; Sescousse et al., 2013; Salgado and Kaplitt,
2015; Wang et al., 2016; Grill et al., 2020), and VS DA release has
been observed during rewarded conditions (Pappata et al., 2002;
Joutsa et al., 2012; Jonasson et al., 2014). Recent findings have
pointed to unidirectional open feedforward loops between the
VS and sensorimotor areas of the striatum through the DAergic
midbrain, through which the VS can influence selection and
invigorate action based on emotional and motivational states
(Aoki et al., 2019). The VS was most strongly functionally
coupled to the vmPFC and ACC (Figure 3), replicating previous
functional connectivity findings (Di Martino et al., 2008). The
functional connectivity analysis of the striatal DA release clusters
thus reveals trilateral functional coupling in the ACC (Figure 3),
supporting the ACC being viewed as an integrative area for
component processes related to motivation, attention, and motor
control (Paus et al., 2001).

In conclusion, we could separate motor from non-
motor component processes of finger tapping based on the
complementary information from PET and fMRI, but the
current experimental design did not support strong conclusions
as to what the non-motor components represent. Thus, what
is interpreted as non-motor components may reflect sustained
executive components of the task or they may be essential parts
of finger tapping, for example involving aspects of rhythm or
timing of the current task structure.
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Methodological Advances
An exciting avenue of research has opened up with hybrid
PET/MR systems allowing the investigation of concomitant
neurochemical and vascular changes in response to various
stimuli. Advances in functional PET analysis (lp-ntPET;
Normandin et al., 2012; Sander et al., 2013; Johansson et al.,
2019) have made it possible to more accurately model onset
and durations of experimental manipulations, thereby allowing
for more flexible and “fMRI like” PET paradigms. In our
main results we use lp-ntPET to voxelwise identify spatial
regions indicating [11C]Raclopride displacement. The lp-
ntPET method is also able to dynamically estimate binding
potentials during the task which can be translated into DA D2
occupancy in the case of [11C]Raclopride (Supplementary
Figure 1). Future studies with a larger sample could potentially
characterize regional and inter-individual differences in
occupancy functions associated with traits and/or behavioral
manipulations related to motor, executive, and/or incentive
processing. In this study, we pushed the temporal limits of
lp-ntPET utilizing various onsets, durations, and number
of experimental manipulation blocks. For our main results,
it was possible to collapse spatial maps across participants
and task paradigms since we were investigating voxels that
exhibited DA release. Further methodological considerations are
needed when interpreting occupancy functions of more than a
single task block.

Limitations
There are several limitations to consider in this study. The study
has low power compared to contemporary neuro imaging studies,
and larger-scale studies are called for. With this caveat we note
that previous PET studies investigating striatal DA release in
relation to finger tapping have shown a robust effect at the single
subject level (Badgaiyan et al., 2003) as well as stable group effects
for small samples (Goerendt et al., 2003), and robust single-
subject BOLD responses have been observed in fMRI studies
(Moritz et al., 2000).

The logic of interpreting spatial overlap/non-overlap between
[11C]Raclopride displacement clusters and concomitant BOLD
response also has its limitations. For overlapping modalities to
be related to each other it assumes a neurovascular coupling
between DA and the BOLD response. Neurovascular coupling
of DA receptors has been observed (Choi et al., 2006; Knutson
and Gibbs, 2007; Sander et al., 2013) but the exact nature of
the coupling and how it impacts the BOLD response is still
unclear. Also, if modality overlap represents signals related to
each other, a closer peak-to-peak overlap could be expected. Even
if both modalities are collected at the same time, spatial resolution
and field of view between modalities differ, possibly causing
discrepancies when normalizing to a common template. The
stepwise percentage overlap evaluation did nevertheless support
the overlap/non-overlap definitions.

Finally, DA release in [11C]Raclopride displacement clusters
not accompanied by a BOLD response may still impact the BOLD
signal but at a time scale not detectable by the a priori defined
fMRI GLM regressor. Unfortunately, the current task design

did not lend itself to be analyzed for neither more sustained
BOLD response (due to the exceedingly long task blocks) nor
faster BOLD response (due to TR limitations). Similarly, the
current task design did not lend itself for finer control of the
relation between finger tapping speed and dopamine release
since we let participants determine their own speed. Controlling
tapping frequency across individuals may be an improvement
over the current design. Alternatively, using similar methods
as described here, a better powered study could potentially
investigate individual differences of self-paced tapping frequency
and striatal DA response. To substantiate our interpretations of
component processes related to DA release clusters, we utilized
seed-based resting state functional connectivity. This method
has previously been used to identify brain networks associated
with a seed (Di Martino et al., 2008). Here, we use it as a
proxy for function which should not be taken as a definitive
component process description, but rather as an indication of
functional role.

CONCLUSION

In this study we explore DA release patterns during an
unrewarded finger tapping task using a novel hybrid PET-
fMRI imaging approach. DA release in bilateral putamen
spatially overlapped with concomitant BOLD response. This
finding highlights the potential for fMRI as a biomarker of
dopaminergic function in the motor pathway, for example
in studies of Parkinson’s disease. We also observed DA
release that did not overlap with the striatal BOLD response
in caudate and VS, indicating component processes of
finger tapping that are reliant on DA but unrelated to
motor action. The non-overlapping areas showed distinct
functional connectivity profiles that intersected in the
ACC, supporting the view of ACC as an integrative area
for component processes related to motivation, attention,
and motor control.
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