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Abstract: The basal ganglia (BG) form a network of subcortical nuclei. Functional magnetic resonance
imaging (fMRI) in the BG could provide insight in its functioning and the underlying mechanisms of
Deep Brain Stimulation (DBS). However, fMRI of the BG with high specificity is challenging, because the
nuclei are small and variable in their anatomical location. High resolution fMRI at field strengths of 7 Tes-
la (T) could help resolve these challenges to some extent. A set of MR protocols was developed for func-
tional imaging of the BG nuclei at 3 T and 7 T. The protocols were validated using a stop-signal reaction
task (Logan et al. [1984]: J Exp Psychol: Human Percept Perform 10:276–291). Compared with sub-
millimeter 7 T fMRI protocols aimed at cortex, a reduction of echo time and spatial resolution was strictly
necessary to obtain robust Blood Oxygen Level Dependent (BOLD) sensitivity in the BG. An fMRI proto-
col at 3 T with identical resolution to the 7 T showed no robust BOLD sensitivity in any of the BG nuclei.
The results suggest that the subthalamic nucleus, as well as the substantia nigra, red nucleus, and the
internal and external parts of the globus pallidus show increased activation in failed stop trials compared
with successful stop and go trials. Hum Brain Mapp 00:000–000, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

The basal ganglia (BG) are a set of subcortical nuclei
(the subthalamic nucleus, STN; the substantia nigra, SN;
the globus pallidus, pars interna, GPi; the globus pallidus,
pars externa, GPe; and the striatum, STR), that play a cru-
cial role in functions such as action selection, cognitive
control, and response inhibition [Alexander and Crutcher,
1990; Aron, 2011; Frank, 2006; Middleton and Strick, 2000;
Parent and Hazrati, 1995; Redgrave et al., 1999; Redgrave
et al., 2010]. These nuclei project to large parts of the cor-
tex, possibly within discrete “cortical-subcortical loops”
that correspond to different functional domains such as
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cognition, motor control, and emotion [Alexander and
Crutcher, 1990; Keuken et al., 2012; Temel et al., 2005].
Malfunctioning of the BG is implicated in many clinical
conditions, including Parkinson’s disease (PD), Hunting-
ton’s chorea, schizophrenia, attention deficit disorder
(ADHD), and addiction.

Deep brain stimulation (DBS) of BG nuclei, in particular
the STN, is an important therapy in PD. However, the pre-
cise underlying mechanisms of this therapy are poorly
understood and severe side-effects can occur, possibly
because of modulations of different cortical–subcortical
loops than the motor control loop [Fasano and Lozano,
2015; Ineichen et al., 2014; Temel et al., 2005].

Functional neuroimaging in healthy and clinical human
populations could help elucidate the functional mecha-
nisms of the BG in health and disease, as well as provide
a mechanistic explanation of therapeutic benefits and side-
effects of DBS. However, in the BG the anatomical specific-
ity of traditional functional Magnetic Resonance Imaging
(fMRI) techniques is limited, because the nuclei in the BG
are very small compared with the voxel size of most func-
tional MRI protocols. For example, with a voxel size of
3 mm isotropic, a commonly used voxel size in 3 T fMRI
studies, the entire STN can be covered in 4–5 voxels,
assuming only small partial volume effects [the STN has a
volume of approximately 100 mm3; de Hollander et al.,
2015; Keuken et al., 2014; Zwirner et al., 2017]. This is
especially problematic because a related nucleus, the SN,
lies directly adjacent to the STN (and also other related
nuclei, such as the red nucleus, RN, are only a few milli-
meters away). At lower resolutions, it becomes very likely,
due to partial volume effects, that functional signals from
the SN are intermixed with those from the STN [de Hol-
lander et al., 2015]. A related problem is that individual
anatomy is usually not taken into account: it is assumed
that whole-brain registration to a standard space (e.g.,
MNI152), based mostly on image contrast between gray
and white matter in cortex, is sufficient to achieve millime-
ter precision and perfect across-subject anatomical overlap
of subcortical nuclei in the standard space. This assump-
tion is problematic. An anatomically more precise
approach would entail labeling the nuclei-of-interest in
individual space. However, visualizing the location of the
nuclei of the BG in the individual brain at lower field
strengths than 7 T is very challenging [De Hollander et al.,
2015; Plantinga et al., 2014; Sch€afer et al., 2011].

The use of Ultra-High Field Magnetic Resonance Imag-
ing (UHF-MRI; MRI with field strengths of 7 T and above)
could help increase the anatomical specificity of functional
neuroimaging of the BG, because its increased signal-to-
noise ratios (SNR) potentially allow for substantially
decreased voxel sizes of less than one millimeter isotropic
[Van der Zwaag et al., 2016]. The increased spatial specif-
icity, combined with the high-quality structural images at
UHF-MRI, permits the testing of hypotheses about the
functional specialization of the different BG nuclei, as well

as putative subdivisions within these nuclei. For example,
a prominent theory about the STN is that it has three sub-
divisions, distinctly connected to “motor,” “cognitive,”
and “limbic” cortical networks [Keuken et al., 2012; Temel
et al., 2005].

However, experiences in and outside of our lab suggest
that “off-the-shelf” fMRI protocols at 7 T, originally devel-
oped for functional imaging in the cortex, do not achieve
an acceptable temporal signal-to-noise ratio (tSNR) in the
BG, precluding robust Blood Oxygen Level Dependent
(BOLD) sensitivity [see also Barry et al., 2013].

The low tSNR obtained in the BG with UHF fMRI is
most likely due to a combination of at least three compli-
cating factors. First, the BG have very high concentrations
of iron, which leads to substantially reduced T2* relaxation
values, especially at higher field strengths [Aquino et al.,
2009; De Hollander et al., 2014; Deistung et al., 2013;
Keuken et al., 2013; Langkammer et al., 2012; Schweser
et al., 2011]. The phenomenon underlying all common
fMRI measurements is the so-called BOLD-effect [Ogawa
et al., 1990]: a difference in T2* relaxation values between
paramagnetic deoxyhemoglobin and diamagnetic oxyhe-
moglobin, as well as the dynamics in the vasculature sur-
rounding neural tissue [Logothetis, 2008]. The theoretically
optimal echo time (TE) for a single-echo T2* weighted
fMRI protocol is therefore equal to the baseline T2* of the
tissue-of-interest [Norris, 2006]. At this point during the
decay, the shift in signal resulting from a small change in
T2* is greatest (see Fig. 1). One of the main advantages of
UHF-MRI is the increased contrast in T2* weighted images,
because there is more variance in T2* relaxation values

Figure 1.

Signal decay curves for different T2* relaxation value. At 7 T, the

T2* relaxation value for STN is approximately 15 ms, whereas

the relaxation time in the cortex is approximately 30–40 ms.

The dotted line indicates a common echo time at 7 T of 22 ms.

Clearly, the signal in the cortex is still strong at this point in

time, but the signal in the STN has largely faded. Colored dots

indicate the signal of the T2* curve at its respective T2* value.

The shaded area shows the change in signal corresponding to a

T2* value up- or downshift of 10%. Note that the size of this

signal change is largest around the baseline T2* value. [Color fig-

ure can be viewed at wileyonlinelibrary.com]
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across the brain [Peters et al., 2007; Van der Zwaag et al.,
2016]. However, this increase in variability of baseline T2*
relaxation times across the brain also comes with increased
variability in the optimal TE for fMRI. The baseline T2*
relaxation value for the cortex is approximately 25–35 ms
at 7 T, whereas the baseline T2* relaxation value for the
STN in young healthy participants, as well as most other
BG nuclei in the subcortex, is roughly 15 ms [Keuken
et al., 2013; Peters et al., 2007; Van der Zwaag et al., 2009;
Yacoub et al., 2001]. Hence, the TE of most echo-planar
based (EPI) protocols at 7 T targeted at cortex is too long
to acquire a reliable BOLD contrast in the BG: the MR sig-
nal has almost completely decayed by the time of signal
readout.

A second complicating factor for UHF fMRI in the BG is
its location deep in the brain. As a consequence, the BG lie
relatively far from the receive elements of a typical head
coil, as well as approximately equidistant to them. The sen-
sitivity of the different receiver coils to signal from the BG
is therefore not only relatively low, but also roughly equal
across coils. Therefore, parallel imaging techniques, such as
GRAPPA and SENSE are less effective in the BG, because
they exploit differences in the sensitivity profiles of the
receiver coils. This well-known issue of having a higher
noise level in the center of the brain when using parallel
imaging techniques is called “g-factor penalty” [De Zwart
et al., 2002; Griswold et al., 2002; Pruessmann et al., 1999;
Setsompop et al., 2016; Sodickson and Manning, 1997]. In
whole-brain UHF fMRI this is especially unfortunate,
because at such high field strengths, parallel imaging is
essential. The increased resolution in UHF fMRI, resulting
in prolonged echo trains, as well as reduced T2* relaxation
values, call for parallel imaging to overcome geometric dis-
tortions, and to achieve sufficiently short TE’s and accept-
able temporal resolution [De Zwart et al., 2002; Setsompop
et al., 2016; Van der Zwaag et al., 2016].

A third complicating factor is the relatively increased
physiological noise at UHF compared with lower field
strengths [Triantafyllou et al., 2005]. It is well known that
cardiac and respiratory artifacts are especially prominent
in the more inferior parts of the brain, close to areas of
major cerebral spinal fluid (CSF) flow, such as the

interpeduncular fossa, and junctions of major arteries such
as the circle of Willis. However, Barry et al. [2013] showed
that although signal variance is much higher in the subcor-
tex than in cortex, only little of this variance can be
explained by cardiac, respiratory, and CSF dynamics in 7
T fMRI. The authors speculated that these unexplained
sources of noise might have a neural origin and are related
to intrinsic functional connectivity, unrelated to the partic-
ular task at hand [Barry et al., 2013]. These results suggest
that the task-related BOLD contrast in subcortex is con-
taminated with noise that is difficult to filter out using
physiological regressors.

Therefore, in order to detect neural activity in the STN,
in this study we investigated the BOLD sensitivity of mul-
tiple fMRI protocols with different parameter sets using 7
T MRI in the BG. We asked how TE and resolution can be
adjusted such that the aforementioned problems can be
overcome and an optimal combination of BOLD sensitivity
and spatial and temporal resolution is achieved (see
Table I). In addition to TE and resolution, acceleration
factors were also systematically covaried with resolution.
Higher resolutions lead to longer readout times. Therefore,
the acceleration factors of the protocols at the highest reso-
lution also had to be increased, to obtain sufficiently short
TEs. The protocols were evaluated while participants per-
formed a stop-signal task, a prominent paradigm in cogni-
tive neuroscience and for which ample work suggests that
especially the STN plays an important role [Aron, 2006,
2007; Aron et al., 2014b]. Drawing on other prominent
neurocomputational models of the role of the BG in per-
ceptual decision-making and action control, we speculated
that other BG nuclei would likely also show heightened
activity in all conditions when compared with baseline
[Bogacz and Gurney, 2007; Frank and Claus, 2006; Gurney
et al., 2001].

Recently, BOLD activity was reported in small subcorti-
cal nuclei in the subcortex at lower field strengths [3 T
and below; de Hollander et al., 2015], and even functional
subdivisions in the substantia nigra were reported in a
study using 3T [Pauli et al., 2015]. As functional magnetic
resonance imaging at 3 T is much less costly and challeng-
ing than at higher fields, ultra-high field fMRI should only

TABLE I. Parameters of the fMRI protocols that were tested

MR parameter Protocol 1 Protocol 2 Protocol 3 Protocol 4

Field strength 7 T 7 T 7 T 3 T
Resolution 1.2 3 1.2 3 1.2 mm3 1.2 3 1.2 3 1.2 mm3 1.5 3 1.5 3 1.5 mm3 1.5 3 1.5 3 1.5 mm3

TE 22 ms 15 ms 14 ms 30 ms
TR 2 s 2 s 2 s 2 s
Flip angle 758 758 608 818

Grappa factor 4 4 3 2
Matrix size 150 3 150 150 3 150 128 3 128 64 3 64
Bandwidth 1,450 Hz/Px 1,450 Hz/Px 1,446 Hz/Px 1,396 Hz/Px
Partial Fourier 6/8 6/8 6/8 –
Total number of subjects 5 5 20 10
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be used when lower-field strengths cannot provide the
necessary BOLD sensitivity and anatomical specificity.
Therefore, to justify the need for 7 T fMRI, we also directly
compared BOLD sensitivity of a 3 T protocol to the best-
performing 7 T protocol, using the same resolution and an
identical experimental paradigm, but otherwise parameters
optimized for 3 T. The 3 T protocol was as similar as possi-
ble to the protocol reported in the recent study by Pauli
et al. [2015] that reported functional subdivisions in the SN.

METHODS

Structural MRI

Identifying the nuclei of the BG in individual anatomical
scans is crucial to distinguish BOLD signals from different
nuclei, but remains a challenge, especially at 3 T [de Hol-
lander et al., 2015]. Therefore, for 14 participants, high-
quality anatomical scans acquired at 7 T and individual
anatomical BG masks of an earlier study by Keuken et al.
[2014] were used. The masks were based on a set of multi-
echo T2* weighted anatomical FLASH volumes at a resolu-
tion of 0.5 mm isotropic [Forstmann et al., 2014; Haase
et al., 1985]. These T2* weighted images were used to
draw masks of the SN, STN, and RN following a strict
protocol (see Keuken et al., 2014 for details). They were
also used to calculate Quantitative Susceptibility Mapping
images [QSM; Langkammer et al., 2012]. These QSM
images were used to draw individual anatomical masks of
the GPi and GPe. The masks were drawn by two indepen-
dent, trained raters. The conjunct voxels of these two
masks were used as the final Region-of-Interest (ROI) in
all analyses. In other words, only voxels that were labeled
as inside the nucleus-of-interest by both raters were used
for signal extraction. Exploratory analyses using disjunc-
tive masks (containing all voxels rated as in-the-nucleus
by at least one of the raters) showed comparable results as
those with the conjunct masks, indicating that the choice
for conjunct masks is not crucial for our results.

For the remaining six participants, an identical anatomi-
cal 7 T scan and anatomical labeling protocol as in the
original Keuken et al. (2014) study was performed specifi-
cally for this study.

For all participants, a 0.7 mm isotropic T1 weighted
image was acquired using the MP2RAGE sequence at 7 T
[Marques et al., 2010] with the following parameters: repe-
tition time (TR) 5 5,000 ms; TE 5 2.45 ms; inversion times
TI15 900; TI2 5 2,750 ms; flip angle 1 5 58; flip angle
2 5 38. This anatomical scan was used to allow for registra-
tion and transformation of statistical parametric maps
(SPMs) to MNI152 standard space.

Also at the 3 T scanner, anatomical images were collect-
ed. The anatomical image used here was based on a 4-
echo 1 mm isotropic FLASH protocol (128 slices; TEs of
9.84 ms, 17.22 ms, 24.60 ms, and 31.98 ms; TR 5 43 ms, flip
angle 5 158). The resulting T2* weighted images were used

to estimate T2* relaxation times for the different nuclei-of-
interest at 3 T. Also, these data were registered to the 7 T
FLASH images and the 3 T functional data. The resulting
transformation matrices were used to transform the indi-
vidual anatomical masks based on the 7 T FLASH images
to the 3 T functional data.

Functional MRI Protocols

Three different 2D-EPI protocols were tested at 7 T (see
Table I). Protocol 1 and 2 were designed to have a relative-
ly high spatial resolution (1.2 mm isotropic) and were
equal in all parameters, except TE (22 vs. 15 ms). Protocol
1 and 2 were thus designed to investigate the effect of TE
on the detected BOLD signal. For protocol 3, to increase
SNR at the cost of spatial specificity, the voxel resolution
was considerably reduced to 1.5 mm isotropic. This led to
smaller matrix sizes and readout times, so the GRAPPA
factor and echo time could be decreased, yielding a higher
SNR. We chose to optimize parameters as much as possi-
ble for a given resolution, rather than doing an exhaustive,
full parameter sweep, which would be extremely expen-
sive. In other words: we chose not to run protocol 3 with a
GRAPPA-factor of 4, like protocol 1 and 2, because it was
not necessary at that resolution and would be detrimental
to the image quality.

Protocols 1–3 were acquired at a Siemens MAGNETOM
7 T system (Siemen Medial Solutions, Erlangen, Germany),
using a 32-channel head array Nova coil (NOVA Medical
Inc., Wilmington MA). For protocol 1, which consisted of 3
runs of 515 volumes with 38 slices, respectively, the acquisi-
tion time was 17:10 min per run. The other parameters
were as follows: TR 5 2,000 ms, TE 5 22 ms, flip angle 5 758,
bandwidth 1450 Hz/Px, echo spacing 0.81 ms, voxel
size 5 1.2 mm isotropic, Field-of-View (FOV) 180 3 180 3

45.6 mm, phase encoding direction A � P, partial Fourier
6/8, GRAPPA acceleration factor 4, matrix size 150 3 150.

Protocol 2 was identical, except that the TE was
decreased to 15 ms.

Note that the Ernst angle for the STN is approximately
808, assuming a T1 value of approximately 1,200 ms
[Keuken et al., 2017]. However, because of limitations due
to the Specific Absorption Rate (SAR), for protocol 1 and
2, a flip angle of 758 was used.

Protocol 3 also consisted of 3 runs of 515 volumes and it
also took 17:10 min to acquire. This protocol entailed 60
slices with a voxel size of 1.5 mm isotropic. This allowed
for a FOV that covered almost the entire brain, but exclud-
ed the most superior part of the brain for most partici-
pants. The other parameters were as follows: TR 5 2,000
ms, TE 5 14 ms, flip angle 5 608, bandwidth 1446 Hz/Px,
echo spacing 0.8 ms, FOV 192 3 192 3 97mm, phase
encoding direction A � P, partial Fourier 6/8, GRAPPA
acceleration factor 3, matrix size 128 3 128. Again, because
of SAR restrictions, it was not possible to use the Ernst
angle for imaging the STN. Instead, because of the higher
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number of slices compared with protocols 1 and 2, for pro-
tocol 3, the flip angle had to be further decreased to 608.
Due to its larger FOV, protocol 3 contained large parts of
the cortex. These cortical areas are more affected by geo-
metrical distortions due to field inhomogeneities than is
the subcortex. Therefore, when acquiring protocol 3, a cor-
responding B0 field map with the same FOV was acquired
(TR 5 1,500 ms, TE15 6 ms, TE2 5 7.02 ms).

Protocol 4 was set up to be able to assess the BOLD sen-
sitivity at 3 T, for a similar resolution as the 7 T protocol.
It was an adaptation of the protocol reported by Pauli
et al. [2015] and was acquired at a Siemens MAGNETOM
Verio 3 Tesla system with a 24-channel head coil. This pro-
tocol also consisted of three runs of 515 volumes, but only
26 slices, and at a resolution of 1.5 mm isotropic. The other
parameters were: TR of 2,000 ms, TE 5 30 ms, flip
angle 5 818, bandwidth 1,396 Hz/Px, echo spacing 0.95 ms,
FOV 96 3 96 3 39mm with 50% oversampling in the
phase-direction, phase encoding direction A � P, no partial
Fourier, GRAPPA acceleration factor 2, matrix size 64 3 64.

All four protocols were planned in such a way that all
nuclei-of-interest (STN, SN, GPe, GPi, and RN) fell well
within the FOV. This was achieved by a slightly tilted axi-
al slice orientation. For protocol 3 we ensured that the
inferior frontal gyrus also fell within the FOV. The inferior
frontal gyrus has been implicated in response inhibition in
many previous studies and used as a ‘control region’ for
the BOLD sensitivity in cortical regions [Aron et al., 2014b,
2015; Erika-Florence et al., 2014].

Physiological data

For estimating the effects of physiological noise on the
fMRI data, we recorded physiological data for 6 of the par-
ticipants in protocol 3. For these 6 participants, the fit of a
32-regressors RETROICOR model [Glover et al., 2000]
showed high explained variance in inferior regions around
the brainstem and circle of Willis, indicating that the phys-
iological noise modeling was successful. However, analy-
ses showed that the effects of physiological filtering on
BOLD sensitivity were very limited [in accordance with
Barry et al., 2011; Van der Zwaag et al., 2015]. In the 6 par-
ticipants for which physiological data was collected, ROI-
wise tSNR increased only very marginally after physiologi-
cal filtering: from 89.2 (std. 22.2) to 95.8 (25.1) in left STN
and from 90.3 (sd 21.5) to 96.9 (24.0) in right STN. This is
a very limited increase, considering that 32 physiological
regressors were filtered out. Accordingly, the statistics of
the ROI-based contrast between go trials and failed stop
trials were not meaningfully affected. The t-statistic of the
contrast slightly increased after filtering in left STN
(t(5) 5 1.97, P 5 0.10 before, t(5) 5 2.3, P 5 0.07), whereas it
slightly decreased in right STN (t(5) 5 2.93, P 5 0.03 before
filtering, t(5) 5 2.62, P 5 0.05 after filtering). The other
nuclei showed similar results. We therefore decided to
analyze all data in the same way, without the application
of any physiological noise filtering.

Participants

In total 20 participants [10 female; mean age 26 (SD 2.6),
age range 22–32] took part in the experiment. Participants
had normal or corrected-to-normal vision, and none of
them had a history of neurological, major medical, or psy-
chiatric disorders as indicated by self-report and structured
clinical interview. All participants were right handed, as
confirmed by the Edinburgh Inventory (Oldfield, 1971).

The participants that were scanned using the different
protocols were largely overlapping. All 20 participants
were scanned using protocol 3. Of these 20 participants, 5
participants were also scanned using protocol 1 and 2. Out
of these 5 participants, 4 participants were also scanned
using protocol 4 (and thereby were scanned using all 4
protocols). Finally, a group of 6 participants (out of the
pool of the aforementioned 20 participants) were scanned
using protocol 3 and 4 (see also Table II).

The study was approved by the local ethical committee
of the University of Leipzig, Germany. All participants
gave written informed consent and received a monetary
reward for their participation.

Experimental Paradigm

The experimental paradigm consisted of a classic audito-
ry stop-signal task [Aron, 2006; Logan et al., 1984], where
participants are instructed to indicate the direction of an
arrow using two spatially compatible buttons, as fast as
they can. On a subset of trials (25%), participants hear, at
some time after stimulus onset (the stop signal delay;
SSD), an auditory cue that indicates that they should
inhibit their response and not press any button. Longer
SSDs usually lead to more failures to stop, because less
time remains to inhibit an ongoing response. Following
the study of Aron [2006], the SSD is dynamically adapted
during scanning, in steps of 50 ms, using a staircase proce-
dure to make sure that each participant successfully stops
on approximately 50% of the trials [see also Logan and
Cowan, 1984].

Participants performed 384 trials per session (three
blocks of 128 trials), including 96 stop trials (32 per block).
During protocol 3, one participant performed only 256 out
of the 384 trials and another participant performed only
345 out of the 384 trials. Both participants quit because of
fatigue (note that the total task time of 3 runs was 51

TABLE II. Subgroups of participants that were scanned

using the different protocols

Group n Protocol 1 Protocol 2 Protocol 3 Protocol 4

Group A 4 x x x x
Group B 1 x x x
Group C 6 x x
Group D 9 x

r Optimizing fMRI for Subcortical Nuclei r
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minutes). We chose to still include these 2 participants in
the final analysis of protocol 3, because (a) these partici-
pants performed the large majority of the trials, (b) their
data could improve the statistical power of this study, (c)
the larger variability in their estimates could be modeled
in the level 2-analyses.

Each trial lasted 8 seconds (4 fMRI volumes) in total. A
trial started with the presentation of a white circle. After
500, 1,000, 1,500, or 2,000 ms, an arrow pointing to the left
or right was presented in the middle of the circle, indicat-
ing the desired response. The stimulus always disappeared
after 1,000 ms regardless of a stop signal or (an inhibited)
response. For the remaining 5,000–6,500 ms, a blank screen
was presented. The relatively long inter-trial interval was
chosen to allow for deconvolving the BOLD signal related
to each trial in a model-free manner using finite impulse
response functions [FIR; Poldrack et al., 2011].

Behavioral analysis

Standard analyses of behavior during the stop-signal task
were performed. The stop-signal task has three conditions
of interest: trials in which no stop signal was delivered and
the subject gave the correct response (go trials), trials in
which a stop signal was delivered and the participant gave
no response (successful stop trials), and trials in which a stop
signal was delivered and the participant gave the correct
response (failed stop trials). There was a small proportion
(0.90%) of trials were the participant gave an incorrect
response. These trials were excluded from the analysis.
Responses that were faster than 150 ms or slower than the
stimulus duration of 1,000 ms were also excluded (1.5%).
For every participant and experimental session, we calculat-
ed the median response time (RT) for go trials, the median
RT for failed stop trials and the proportion of successful
stops, both per SSD and over all trials.

Lastly, we also calculated the stop signal reaction time
(SSRT): an estimate of the average amount of time it takes a
participant to inhibit their response after the stop signal has
been presented, assuming an independent race between a
go and stop process. By mathematically formalizing the
cognitive process underlying the stop signal task as a race,
we can estimate this SSRT. Specifically, the SSRT was esti-
mated using the so-called “mean method.” This method
takes the percentile of the Go RT distribution corresponding
to the rate of unsuccessful stops (close to 50% for all sub-
jects), and subtracts the mean SSD from this value [Aron,
2006; Logan et al., 1984; Verbruggen and Logan, 2009].

Image registration

For all protocols at 7 T, the mean functional signal inten-
sity images were registered to the middle echo (20.39 ms)
of the 0.5 mm isotropic T2* weighted FLASH images using
linear affine transformations, optimized by the ANTS reg-
istration algorithm and the mutual information cost

function [version 2.0.0; Avants et al., 2009]. Visual inspec-
tion revealed that the automatic registration was sufficient.

Multiple registration algorithms and cost functions in
FSL FLIRT [Jenkinson and Smith, 2001], MIPAV [Bazin
et al., 2007], and ANTS [Avants et al., 2009] were applied to
register the 3 T functional data (protocol 4) to the 3 T and 7
T FLASH images. However, after visually inspecting the
results, we concluded that it was not feasible to register the
3 T data automatically, because of a lack of contrast-to-
noise and the small FOV of the 3 T functional 2D-EPI
images. We therefore opted for a manual landmark-based
approach. Concretely, one rater (MCK) indicated in both
the anatomical 3 T FLASH images and the mean functional
1.5 mm isotropic 3 T 2D-EPI images the location of the fol-
lowing landmarks: the top indentation of the pons, the pos-
terior part of the fourth ventricle, the ventral point of the
bilateral RN, and the most anterior–dorsal–lateral part of
the bilateral GPe. Then MIPAV [Bazin et al., 2007; McAu-
liffe et al., 2001] was used to find the linear transformation
that minimizes the distance between these manually indi-
cated landmarks in both image modalities. This linear trans-
formation was used in all further processing. The average 3
T FLASH images were also registered to the average 7 T
FLASH images using linear registration in FSL FLIRT, to
allow for using the anatomical masks drawn on the latter
modality for the 3 T data.

The linear transformation matrices from the functional
scans to the anatomical T2* weighted FLASH images were
inverted and all the individual anatomical masks (left and
right STN, SN, RN, GPi, and GPe) were transformed into
individual functional space using nearest-neighbor interpola-
tion. When anatomical masks were transformed to different
spaces, nearest-neighbor interpolation was preferred over
other interpolation algorithms, such as trilinear and spline
interpolation, because otherwise the edges of the masks get
smoothed out and mask size can increase arbitrarily.

Preprocessing fMRI data

All data was preprocessed using the FSL FEAT prepro-
cessing pipeline [version 5.09; Smith et al., 2004; Woolrich
et al., 2009], as implemented in the NiPype fMRI pipeline
framework [create_featreg_preproc(); Gorgolewski et al.,
2011]. This pipeline motion-corrects the data using the
MCFLIRT algorithm, makes a brain mask in individual
functional space using BET, and normalizes the data such
that the median voxel intensity within the brain is 10,000.
Then, depending on the subsequent analysis, a 1.5 mm
full-width-half-maximum (FWHM), a 5.0 mm FWHM, or
no Gaussian smoothing kernel was applied. The data were
high-pass filtered with a cutoff of 128 seconds. Lastly, the
motion parameters obtained by the MCFLIRT algorithm
and their first derivatives were used as regressors in a
voxelwise general linear model (GLM) to filter out motion-
induced noise. The residuals of this GLM were used as
input to all further analyses. As an (almost) whole-brain
volume was acquired using protocol 3 (see section
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“Exploratory voxelwise analyses protocol 3”), these data
were corrected for B0 field inhomogeneities using FSL’s
FUGUE and the obtained B0 fieldmaps, before it was sub-
mitted to the FEAT preprocessing pipeline. Visual inspec-
tion suggested that the influence of this correction was
negligible in the subcortex.

fMRI data analysis

Voxelwise tSNR maps of the unsmoothed data were cre-
ated by taking, for every voxel, its mean intensity across a
run, and dividing it by the standard deviation of its inten-
sity across the run. Mean voxelwise tSNR, averaged over
all voxels inside a mask, was then extracted for every pro-
tocol, participant, run, and ROI.

To investigate whether the decreased tSNR at higher
voxel resolutions could be mitigated by the increased
number of voxels measured per ROI, we also calculated
ROI-wise tSNR. For every ROI-mask, the signal of every
voxel inside that mask was averaged, to get a mean ROI
signal time course. The ROI-wise tSNR was calculated by
dividing the mean intensity of this signal by the standard
deviation through time of this signal.

All tSNR measures were calculated on unsmoothed, but
otherwise completely preprocessed data. Therefore, the
found tSNR values were corrected for, for example, subject
movement and slow signal drifts. Furthermore, the signal
that was used in the ROI GLM analysis was identical to
the signal used to calculate tSNR, enabling us to relate the
found tSNR and percent signal change estimates of the
GLM to simulation studies of Murphy et al. [2007].

We also deconvolved and visualized the task-locked sig-
nal of the ROI signal time courses for different conditions by
fitting a GLM with finite impulse regressors [Poldrack et al.,
2011] implemented in the Python package pyFIR (version
0.1; https://github.com/Gilles86/pyFIR). This analysis was
performed on the mean ROI signal described above, to visu-
ally assess the BOLD sensitivity of the different protocols in
the different ROIs. Three conditions (go trials, failed stop tri-
als, and successful stop trials) were modeled with each 9
regressors corresponding to offsets of 0, 2, 4, 6, 8, 10, 12, 14,
and 16 seconds after task onset. The parameter estimates for
the different regressors were averaged across participants
and plotted as a function of their offset. For protocols with
good BOLD sensitivity, we expected to see a typical hemo-
dynamic response function in all conditions and ROIs, with
a peak at around 4–6 seconds. When BOLD sensitivity was
sufficient, we expected the estimated height of this peak to
be highly significantly different from zero.

We also created an event-related GLM design matrix with
canonical HRF regressors using Nipy [0.4.0; Brett et al., 2009].
The design matrix contained three regressors of interest, cor-
responding to go, failed stop, and successful stop trials. One
second block functions at trial onset were convolved with a
canonical double-gamma hemodynamic response function
(HRF) [Glover, 1999; Worsley and Friston, 1995]. A constant,
the first-order derivatives of the HRFs, and a second-order
polynomial were also added to the model, to account for

individual differences in the hemodynamic responses and
slow signal drifts. The GLM was fitted to the ROI-signal time
series of every block using GLSAR AR(1) estimation, as
implemented in Statsmodels [Seabold and Perktold, 2010], to
account for temporal autocorrelation in the signal. For every
participant, ROI, protocol, and the mean value of every beta-
regressor over the three runs was used as input in a one-
sample t-test against baseline, or a paired t-test between con-
ditions. They were also used as input to a Bayesian t-test
[Morey and Rouder, 2015] to estimate the Bayes factor (BF)
between a model where the different conditions lead to dif-
ferent BOLD responses versus a model where they do not. In
contrast to traditional frequentist P-values, BFs offer a natural
interpretation as the amount of evidence the researcher has
for one hypothesis over another, without being biased toward
rejecting the null hypothesis [Rouder et al., 2012; Wagen-
makers, 2007]. However, there is not a straightforward way
to control for the multiple comparisons problem without sub-
stantial additional modeling [Neath and Cavanaugh, 2006;
Stephens and Balding, 2009]. We therefore chose not to per-
form multiple comparison correction on the Bayesian analy-
sis, but leave it to the reader to interpret the resulting BF in a
cautious manner.

We performed statistical analyses both on the entire
samples of protocol 1–4 (with 5, 5, 20, and 10 subjects,
respectively), as well as on a subset of five subjects, to
keep the number of subjects equal over the (analysis of)
the four protocols.

T2* Estimation

To obtain an empirical estimate of the T2* relaxation val-
ues of the different BG nuclei at both 3 T and 7 T MRI, an
exponential decay function was fitted to the signal intensi-
ties at different echo times of the FLASH sequence images
(see section above on “Structural MRI”). This estimate was
calculated using voxelwise Ordinary Least Squares (OLS)
regression in log-space [Lutti et al., 2014; Weiskopf et al.,
2014]. We opted not to use robust regression since the
number of data points was too limited to do this effective-
ly (3 and 4, respectively) and the young and healthy par-
ticipants of this study were specifically selected for
minimal movement during scanning. The voxelwise esti-
mates were subsequently extracted and averaged within
the anatomical masks of the nuclei-of-interest.

Exploratory Voxelwise Analyses Protocol 3

After performing the analysis described in section “fMRI
data analysis”, only protocol 3 turned out to have suffi-
cient BOLD sensitivity in the BG ROI. Therefore, we also
performed a voxelwise analysis on the data resulting from
protocol 3, but not the other protocols, in both subcortex
and cortex. Ideally, the protocol should have sufficient
sensitivity in both cortical (although TE was not optimal
for cortex) and subcortical regions to test task-related acti-
vations. To investigate the sensitivity in cortical areas, we
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used a conventional group-level voxelwise analysis in
MNI152 space. To address possible subcortical activations
outside of the a-priori selected ROIs, we also used a cus-
tom groupwise template with high contrast in subcortex.

To investigate the BOLD sensitivity of protocol 3 in
MNI152 space, the mean functional images of protocol 3
were registered to the uniform T1 weighted image of the
whole-brain MP2RAGE, using linear affine registration as
implemented in ANTS [version 2.0.0; Avants et al., 2009].
The T1 weighted images were brain-extracted using the
brain mask created by the FSL BET-algorithm applied to
the INV2-image [Smith, 2002], and then registered to the
1 mm isotropic MNI152 standard brain using non-linear
registration via the SyN-algorithm, as implemented in
ANTS [version 2.0.0; Avants et al., 2009]. The combined
transform of these two transformations (from the mean
EPI to T1-weighted anatomical image and from T1-weight-
ed anatomical image to 1 mm isotropic MNI152 standard
brain) was used to transform the statistical parametric
maps in individual space to MNI152 standard space using
nearest-neighbor interpolation.

Preferably, the fMRI data can be transformed to a space
where voxels originating from a particular anatomical loca-
tion in one individual (e.g., the subthalamic nucleus of par-
ticipant 1) have a very high overlap with voxels from other
individuals originating from the same anatomical location
(e.g., the subthalamic nucleus of participant 2). As, the indi-
vidual T1-weighted images have little tissue contrast in sub-
cortex, which hampers the anatomical overlap between
functional EPI data and a standard template in this region,
in addition a study-specific group T2*-weighted FLASH
template was created by non-linearly registering (using the
SyN-algorithm implemented in ANTS) all the individual
T2* weighted FLASH images (middle echo time of 20.39 ms)
to the FLASH image of the first participant, and then itera-
tively registering all anatomical images to the mean image
of all individual transformed images. After five iterations,
the mean of the transformed images did not considerably
change anymore. The mean of these images showed very
high contrast in the subcortex, and the different nuclei-of-
interest are clearly visible.

The functional images of protocol 3 were, in addition to
the MNI152 space, also registered to this group FLASH
space, to investigate the topology of activation clusters in
the subcortex with high anatomical specificity without
constraining the analysis to a-priori selected ROIs.

A voxelwise GLM group analysis was performed both
in the study-specific 0.5 mm T2* weighted FLASH space,
as well as in 1 mm standard MNI152 space. The data was
smoothed with either a 1.5 mm (for the study-specific tem-
plate analysis) or 5.0 mm (for MNI152 1mm space) FWHM
Gaussian smoothing kernel. Go, failed stop, and successful
stop trials were modeled as separate conditions. First-
order derivatives of the canonical HRF were included as
nuisance regressors. The estimated contrasts were: (1) suc-
cessful stop–go, (2) failed stop–go, (3) successful stop–failed
stop, (4) failed stop–successful stop. A mixed-effects level 2
analysis was performed using FSL’s FLAME1. For the anal-
ysis in MNI152-space, multiple comparison correction was
performed using Gaussian Random Field (GRF) Theory, as
implemented in FSL’s smoothestimate and cluster, using a
voxelwise threshold of z> 3.1 and GRF cluster-threshold of
P< 0.05. For the analysis in the group template space, we
believed the assumption of a Gaussian random field was
not tenable, because the smoothing of the data had been
very limited. Therefore, for this analysis, we opted for a
voxelwise false discovery rate (FDR) correction (fdr-function
of FSL, q< 0.05).

Exploratory Connectivity Analyses

An exploratory connectivity analysis was conducted to test
whether the different protocols were capable of recovering
functional connectivity patterns in the BG. In this connectivity
analysis, a correlation matrix representing the correlations
between the measured signals of the different BG nuclei was
computed. The inputs of the correlation matrix were the pre-
processed mean ROI timeseries (task-related activity was not
modeled here). If BOLD sensitivity and specificity were high,
we would expect to see high connectivity between homolo-
gous BG nuclei across the two hemispheres (e.g., a high cor-
relation between left and right STN), preferably more so than
between spatially closer, but functionally distinct nuclei (e.g.,
left STN and left SN).

RESULTS

Behavior

The median correct go RT and the estimate of the SSRT in
all experiments were typical for young adults [Aron, 2006],
and the inhibition rates were close to 50% (see Table III).
As expected, median RTs of failed stops were faster than

TABLE III. Mean values of behavioral measures per sequence

Behavioral measure Protocol 1 Protocol 2 Protocol 3 Protocol 4

Median correct Go RT (ms) 420.3 (43.3) 440.5 (61.9) 477.2 (97.9) 531.5 (128.3)
Median failed stop RT (ms) 387.5 (29.8) 407.9 (54.8) 438.0 (79.5) 490.1 (120.1)
Percentage go discrimination errors 0.07 (0.16) 0.30 (0.30) 0.36 (0.43) 0.29 (0.70)
Mean SSD (ms) 200.3 (46.7) 204.6 (91.8) 247.2 (91.0) 317.0 (122.1)
Percentage successful inhibition 52.6 (3.0) 51.2 (6.3) 56.1 (6.4) 58.1 (6.8)
Mean SSRT (ms) 215.3 (31.6) 231.4 (71.2) 211.8 (33.2) 192.7 (25.9)
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correct go trials, and inhibition rate was around 50%.
Median go RTs were not correlated with SSRTs, in line
with the independence assumption of the race model
[Aron, 2006; Logan and Cowan, 1984; see also Shenoy and
Yu, 2011].

Transformation of Anatomical Masks

The transformation of the anatomical masks from the 7
T-FLASH-space to the four functional spaces was visually
inspected for all participants. A representative example of
the individual anatomical masks transformed to individual
space for the four protocols can be found in Figure 2.

The volumes of the anatomical masks and the between-
rater agreement, as indicated by the Dice-coefficient [Dice,
1945], can be found in Table IV.

T2* Estimates

At 3 T, the T2* relaxation value in the left STN was
on average 34.2 ms (std 6.7) and 35.6 ms in right STN
(std 6.8). This is considerably lower than the 66 ms, the

approximate T2* relaxation value for cortex at 3 T [Peters
et al., 2007 see Table IV for the T2*-estimates for the differ-
ent nuclei].

As expected, the T2* value in the BG is even shorter at 7
T, on average 15.2 ms (std. 1.7) in the left STN and 14.9
ms (std. 2.0) in the right STN, as compared with approxi-
mately 33 ms in cortex [Peters et al., 2007]. This confirms
that, especially at 7 T, functional protocols that are opti-
mized to functional imaging of the cortex might have too
long echo times to have robust BOLD sensitivity in iron-
rich subcortical nuclei, such as the BG.

tSNR

Voxelwise temporal signal-to-noise ratios were
extremely low for protocol 1 (1.2 mm/TE 5 22 ms/7 T), 2
(1.2 mm/15 ms/7 T), and 4 (1.5 mm/30 ms/3 T). For
left/right STN, tSNR was 8.2 (std 0.8)/8.3 (1.2) for proto-
col 1, 12.4 (0.9)/12.8 (1.6) for protocol 2, and 9.2 (1.0)/9.2
(1.3) for protocol 4. Temporal SNR in other BG nuclei
was comparable (see Fig. 3). Earlier simulation studies

Figure 2.

Illustration of the Field-of-views of the four protocols and ana-

tomical masks. The top row shows, for a representative subject,

a sagittal slice of the mean functional images overlaid on the T1-

weighted anatomical image. The bottom row shows the outlines

of the individual masks for RN, STN, and SN, overlaid on

coronal slices of the mean functional image (radiological conven-

tion). The coronal slices are chosen such that they correspond

to the center-of-mass of the right SN mask. [Color figure can

be viewed at wileyonlinelibrary.com]

TABLE IV. Mean and standard deviations of inter-rater con-

sistency (Dice coefficient) and anatomical mask sizes (mm3)

Dice Volume (mm3)

STN_L 0.73 (0.16) 54 (13)
STN_R 0.74 (0.14) 58 (12)
SN_L 0.79 (0.07) 297 (123)
SN_R 0.77 (0.05) 298 (129)
RN_L 0.89 (0.03) 269 (44)
RN_R 0.89 (0.02) 261 (46)
GPi_L 0.80 (0.05) 367 (79)
GPi_R 0.81 (0.06) 357 (71)
GPe_L 0.86 (0.03) 1020 (156)
GPe_R 0.86 (0.04) 958 (146)

TABLE V. Estimated T2* relaxation values at 3 Tand 7 T

T2* at 3 T in ms (std) T2* at 7 T in ms (std)

mask
STN_L 34.2 (6.7) 15.2 (1.7)
STN_R 35.6 (6.8) 14.9 (2.0)
SN_L 36.6 (4.3) 14.1 (1.7)
SN_R 36.6 (10.0) 13.8 (1.4)
RN_L 42.4 (5.0) 16.9 (1.5)
RN_R 40.1 (3.9) 16.9 (1.5)
GPi_L 34.3 (2.1) 13.1 (1.3)
GPi_R 34.4 (2.0) 12.8 (0.8)
GPe_L 31.8 (2.4) 13.1 (1.2)
GPe_R 32.4 (2.7) 12.9 (0.9)
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suggest that a tSNR in these ranges makes it virtually
impossible to detect activations patterns in the individu-
al brain within an acceptable scan time [Murphy et al.,
2007].

Protocol 2 showed a significantly higher tSNR than pro-
tocol 1 (t(4) 5 13.6, P 5 0.0002 for left STN and t(4) 5 7.7,
P 5 0.002 for right STN), suggesting that the reduction of
TE indeed increases the tSNR.

Figure 3.

Voxel- (top) and ROI-wise (bottom) temporal signal-to-noise ratios (tSNR) in the basal ganglia

for the four protocols. Error bars represent bootstrapped 67% confidence interval. [Color figure

can be viewed at wileyonlinelibrary.com]

Figure 4.

Coronal slices of the voxelwise tSNR-maps for the four protocols in a representative subject. The

coronal slices are chosen such that they correspond to the center-of-mass of the right SN mask.

[Color figure can be viewed at wileyonlinelibrary.com]
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Only protocol 3 (1.5 mm/14 ms/7 T) showed an accept-
able tSNR: 48.6 (11.1) for left STN, and 50.5 (11.1) for right
STN, see also Figure 3 (top). Temporal SNR in such a
range should allow for detecting neural activation in the
individual brain in a reasonable amount of time [Murphy
et al., 2007].

Higher spatial resolutions always lead to decreased tSNR
but also to smaller partial volume effects. Furthermore, as
the tSNR can be increased by spatial averaging the tempo-
ral SNR of the mean time series per ROI was also calculat-
ed. This showed that the ROI-wise tSNR is still highest for
protocol 3 (140.3, (std. 57.2) for left STN, 160, (91.7) for right
STN). But, as expected, protocol 1 (88.2 (47.4) for left STN,
154.3 (47.5) for right STN) and 2 (62.3 (12.0) for left STN,
101.1 (39.9) for right STN) show tSNRs that are closer to
that of protocol 3 when the signal is averaged over all vox-
els (see also Fig. 3, bottom). This suggests that most of the
noise was uncorrelated across voxels, and most likely

consists of image noise, rather than physiological noise [Tri-
antafyllou et al., 2006].

Four representative coronal slices of the tSNR maps are
depicted in Figure 4. They clearly show the improved
tSNR in protocol 3 (1.5 mm/14 ms/7 T), as well as the rel-
ative drop in tSNR in the subcortex as compared with cor-
tex at 7 T, especially in protocol 1 (1.2 mm/22 ms/7 T)
and 2 (1.2 mm/15 ms/7 T), which had a relatively high
acceleration factor (see Table I).

Task-Locked ROI Analyses

Finite impulse response (FIR)-analysis

To keep things concise and easy to compare, for the FIR

and traditional GLM, we report analyses on the same five

subjects in protocol 1, 2, and 3, and five subjects in proto-

col 4, of which four subjects overlap with protocol 1–3

Figure 5.

Raw task-locked mean time series (top) and corresponding GLM

parameter estimates (bottom) for all four protocols in left and

right STN for five subjects. For protocol 1–3 all five subjects are

overlapping. For protocol 4, four out of five subjects are overlap-

ping. Shaded area and error bars indicate 67% bootstrapped con-

fidence interval, corresponding to the standard error of the mean

(SEM). Green corresponds to go trials, orange to failed stop tri-

als, and red to successful stop trials. Only for protocol 3 are any

parameters significantly different from zero after FDR correction.

(q< 0.05). * 5 P< 0.05, ** 5 P< 0.01, *** 5 P< 0.001. [Color fig-

ure can be viewed at wileyonlinelibrary.com]
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TABLE VI. Frequentist and Bayesian statistics for main task contrasts using protocol 3

Successful stop>go Failed stop> go Failed stop> successful stop

frequentist BF10 frequentist BF10 frequentist BF10

GPe_L t(19) 5 21.52, P 5 0.144 0.63 t(19) 5 1.40, P 5 0.176 0.54 t(19) 5 3.36, P 5 0.003* 13
GPe_R t(19) 5 0.57, P 5 0.577 0.27 t(19) 5 3.08, P 5 0.006* 7.63 t(19) 5 2.58, P 5 0.018* 3.12
GPi_L t(19) 5 21.13, P 5 0.271 0.41 t(19) 5 0.55, P 5 0.591 0.27 t(19) 5 1.14, P 5 0.267 0.41
GPi_R t(19) 5 21.42, P 5 0.173 0.55 t(19) 5 0.74, P 5 0.466 0.3 t(19) 5 1.68, P 5 0.110 0.76
RN_L t(19) 5 1.57, P 5 0.132 0.67 t(19) 5 4.66, p<.001* 173 t(19) 5 2.38, P 5 0.028* 2.2
RN_R t(19) 5 1.16, P 5 0.260 0.42 t(19) 5 5.22, p<.001* 531 t(19) 5 3.70, P 5 0.002* 25
SN_L t(19) 5 0.83, P 5 0.416 0.32 t(19) 5 3.26, P 5 0.004* 11 t(19) 5 1.93, P 5 0.069 1.08
SN_R t(19) 5 1.26, P 5 0.224 0.46 t(19) 5 5.72, p<.001* 1423 t(19) 5 2.38, P 5 0.028* 2.19
STN_L t(19) 5 1.48, P 5 0.154 0.6 t(19) 5 4.29, p<.001* 82 t(19) 5 2.95, P 5 0.008* 6.05
STN_R t(19) 5 20.87, P 5 0.394 0.33 t(19) 5 3.35, P 5 0.003* 13 t(19) 5 3.18, P 5 0.005* 9.23

A Bayes factor (BF10) larger than 1 means evidence for an effect, a Bayes factor less small 1 means evidence in favor of no effect. See
also Figure 6 and Supporting Information Tables S1 and S2. * 5 significant effect after FDR-correction (q< 0.05).

Figure 6.

Raw task-locked mean time series (top) and corresponding GLM

parameter estimates (bottom) for protocol 3 across all basal

ganglia masks for 20 subjects. Shaded area and error bars indi-

cate 67% bootstrapped confidence interval, corresponding to

the standard error of the mean (SEM). Green corresponds to

go trials, orange to failed stop trials, and red to successful stop

trials. * 5 P< 0.05, ** 5 P< 0.01, *** 5 P< 0.001. [Color figure

can be viewed at wileyonlinelibrary.com]
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(specifically, group A and B for protocols 1–3, and group

A and a randomly picked participant of group C for pro-

tocol 4; see Table II).
Qualitative inspection of the task-locked ROI time series

suggested that protocol 1 (1.2 mm/22 ms/7 T), 2

(1.2 mm/15 ms/7 T), and 4 (1.5 mm/30 ms/3 T) show no

robust task-related BOLD responses in left or right STN

(see the top panel of Fig. 5). They lack the prototypical

HRF pattern of a peak at 4–6 seconds after task onset.

Such a pattern was, in contrast, clearly present in the STN

timeseries of protocol 3, already with five subjects (Fig. 5,

top panel; see also Supporting Information Materials S3).

This suggests that the higher tSNR in protocol 3 also leads

to robust BOLD sensitivity.

ROI GLM

For protocol 1 (1.2 mm/22 ms/7 T) and 2 (1.2 mm/15
ms/7 T), no parameter estimates were significantly differ-
ent from 0 after FDR correction (all P> 0.05, see Fig. 5 and
Supporting Information materials S1 for additional statis-
tics). All Bayes Factors suggested anecdotal evidence for
the null hypothesis (BF10 range 0.42–1.02). This suggests
that there was no reliable task-related BOLD activity

Figure 7.

Whole-slab SPMs for main task contrasts in protocol 3. From left to right: sagittal (MNI152

X 5 43), coronal (MNI152 Y 5 14), and axial (MNI152 Z 5 0) slices. Parts of the MNI brain that

did not overlap with the functional data of all 20 participants were not included in the statistical

tests and are darkly shaded. [Color figure can be viewed at wileyonlinelibrary.com]
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detected in any of the conditions. Accordingly, there were
also no significant differences between the task conditions
in any of the nuclei (see Supporting Information Material
S2 for details).

For protocol 3 (1.5 mm/14 ms/7 T), all three parameters
estimates were significantly different from zero in both left
and right STN, as shown by t-tests (all P< 0.05, FDR cor-
rected; Bayesian t-tests showed Bayes factors in favor of
an effect, BF10 range 4–784; see also Fig. 5 and Supporting
Information material S1). In other words: in both left and
right STN, and in every condition, after task-onset there
was a significant BOLD response, detected already with
five subjects. Also, the contrast “failed stop”> “go” was
significant in both left and right STN in five subjects
(t(4) 5 8.3, P 5 0.0011 for left STN, BF10 5 34, t(4) 5 9.17,
P 5 0.0008, BF10 5 45 for right STN).

For protocol 4 (1.5 mm/30 ms/3 T), using five subjects
(all four subject of group A and a randomly selected par-
ticipant of group C; see Table II), and after FDR correction,
no parameter estimates were significantly different from
zero according to t-tests.

Bayes Factors were in the range of 0.40–2.75, where all
Bayes Factors showed evidence for the null hypothesis,
except for the “go”-condition in the right STN. No con-
trasts between conditions were significant.

When all 20 subjects were included for protocol 3
(1.5 mm/14 ms/7 T), similar patterns were found, albeit
with more robust P-values and Bayes Factors. All nuclei
except for the left and right GPi and left GPe showed a
higher BOLD response during failed stop trials compared
with go trials (FDR corrected; see also Table VI and Fig. 6).
Also, left and right STN, right SN, the left and right RN,
and left and right GPe showed a higher BOLD response
during failed stops than successful stop trials. None of the
nuclei showed a larger activation for successful stop trials
than for go trials (see also Supporting Information Table S2).

When all 10 subjects were included for protocol 4, after
FDR correction, none of the parameter estimates were signif-
icantly different from zero. However, Bayesian t-tests sug-
gested evidence in favor of a model where BOLD activity
was different from baseline for left STN (successful stop;
BF10 5 2.49), right STN (go trials; BF10 5 16.00; failed stops;
BF10 5 3.16), left GPi (failed stops; BF10 5 1.14), and right RN
(failed stops; BF10 5 3.45; see also Supporting Information
Material S1 and S3). However, no significant differences
between conditions were found (all P> 0.05, BF10 in range
0.4–1; see also Supporting Information Material S2 and S3).

Voxelwise analysis MNI152-space (protocol 3)

We computed a voxelwise GLM analysis only on the
data of protocol 3 (1.5 mm/14 ms/7 T), since only this
protocol showed robust BOLD sensitivity in the BG, and,
importantly, only this protocol allowed for scanning the
majority of cortex and could potentially be used to investi-
gate cortico-subcortical interactions. For these analyses, all
20 subjects were included.

For the “failed stop>go” contrast, many significant acti-
vation clusters were found in cortex and subcortex in both
hemispheres. These include inferior frontal gyrus (pars
operculum, IFG), pre- Supporting Information motor (pre-
SMA), anterior cingulate cortex (ACC), early visual cortex
(V1, V2), the middle and superior temporal gyrus, primary
auditory cortex, insular cortex, and two clusters that cov-
ered almost the entire subcortex and brainstem bilaterally
(see Fig. 7, top; Fig. 8; top; Table VIIa).

The “failed stop> successful stop” contrast also showed
a very large set of significant activation clusters across cor-
tex and subcortex, where, again, the subcortical clusters
were very large and showed little anatomical specificity
(see Figs. 7 and 8 and Table VIIb).

For the “successful stop> go” contrast, the spread of
significant activation clusters is much sparser. Only the

Figure 8.

Sagittal slices (MNI152 X 5 9) of two contrasts that show extensive activated clusters across

the subcortex and brainstem for protocol 3. This illustrates the lack of anatomical specificity of

conventional voxelwise GLM with moderate (5.0 mm FWHM) smoothing. [Color figure can be

viewed at wileyonlinelibrary.com]
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left and right primary auditory cortex and left and right
insula show a significant activation pattern, which is to be
expected as there was an auditory stop signal (see Fig. 9,
middle row; Table VIIc).

For the “successful stop> failed stop” contrast, no sig-
nificant activation clusters were found.

Voxelwise analysis on T2*-weighted group template

The registration to the MNI152-standard brain via the
T1-weighted images and the 5.0 mm FWHM smoothing
does not allow for high anatomical specificity in the BG.

The T1-weighted images show only little anatomical detail
in the subcortex, which causes the registration to standard
space to rely mostly on cortical structures. The extensive
smoothing might obfuscate small activation clusters by
introducing perturbing noise from adjacent areas that are
not involved in the task, as well as erroneously join dis-
tinct clusters together [Stelzer, 2014].

Therefore, we also created a group-specific T2*-weighted
template at a resolution of 0.5 mm by iteratively register-
ing the individual FLASH images toward each other and
repeated the group-level analysis in this space. This
template has much higher anatomical contrast in the

TABLE VII. Significant clusters of the whole-slab voxelwise GLM analysis on protocol 3 for three main contrasts

(failed stop > go, successful stop > go, and failed stop > successful stop)

Name MNI X MNI Y MNI Z Volume (mm3) Max z-value

(a) Failed stop > Go

Left insular cortex/subcortex/brainstem 240 26 211 34,321 6.79
Right insular cortex/subcortex/brainstem 32 17 27 27,849 6.44
Anterior cingulate cortex (ACC) 23 23 23 3,014 5.15
Right primary visual cortex (V1) 23 54 22 1,476 5.41
Left primary visual cortex (V1) 219 261 2 700 4.67
Left posterior cingulate cortex (PCC) 211 218 39 638 5.04
Pre-supplementary motor Area (pre-SMA) 6 7 45 532 4.74
Left middle temporal gyrus (MTG) 44 228 27 440 5.44
Left posterior cingulate gyrus 213 239 22 417 4.97
Right superior temporal gyrus (STG) 63 2 2 347 5.15
Right posterior cingulate cortex (PCC) 5 215 25 155 4.47
Right anterior cingulate cortex (ACC) 7 42 1 80 4.67
Right middle temporal gyrus (MTG) 54 259 6 71 4.45
Left insular cortex 232 219 18 69 4.28
Right cerebellum 9 243 218 69 4.24
Left temporal pole 246 2 218 44 4.68
Left anterior cingulate cortex (ACC) 26 37 7 42 4.37
Right anterior cingulate cortex (ACC) 4 38 12 41 4.22
(b) Failed stop > successful stop

Left posterior cingulate cortex (PCC) 211 217 38 9,931 5.32
Right inferior fronal cortex/frontal operculum (IFG) 47 2 5 8,837 5.39
Left striatum 214 12 2 7,879 5.36
Left cerebellum 225 259 223 7,221 5.23
Subcortex/brain stem 8 225 26 6,229 5.3
Left primary motor cortex (M1) 238 225 52 4,186 5.46
Right primary auditory cortex 34 231 18 3,957 5.33
Left primary auditory cortex 250 220 17 3,292 5.75
Right primary visual cortex (V1) 23 256 0 2,561 5.46
Left primary visual cortex (V1) 212 273 11 1,689 4.83
Right primary motor cortex (M1) 41 225 50 915 4.97
Left insular cortex 231 224 8 449 4.66
Right primary somatosensory cortex/motor cortex (M1/S1) 57 213 44 369 5.04
Right primary somatosensory cortex/motor cortex (M1/S1) 55 23 42 320 5
(c) Successful stop > go

Left primary auditory cortex 250 225 7 14,226 6.29
Right primary auditory cortex 44 217 5 12,266 6.15
Right insular cortex 32 21 210 6,115 5.09
Left insular cortex 231 17 27 3,792 5.44
Right striatum 12 15 0 276 4.82

The contrast successful stop> failed stop showed no significant activation clusters. MNI-coordinates are those of the voxel with the
highest z-score.
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subcortex. Also, we used only limited smoothing (1.5 mm
FWHM).

This analysis showed, comparable to the MNI152-analysis,
extensive activation clusters in the inferior parts of the brain
for the “failed stop> go” (Figure 9) contrast, extending well
outside the border of the STN, SN, and RN. We found a large
cluster immediately dorsal to the STN and RN, probably
reflecting the involvement of thalamic nuclei. We also found
a cluster medial of the SN and ventral of the RN, which
could be attributed to the ventral tegmental area [VTA;
Eapen et al., 2011], an important dopaminergic nucleus
[Arsenault et al., 2014; Haber, 2014]. The cluster posterior to
the RN might be attributed to a number of nuclei in the
brainstem, such as the locus coereleus, an important neuro-
modulatory node [Keren et al., 2015], or the periaqueductal
gray [Linnman et al., 2012], among others.

The “failed stop> successful stop” (Figure 10) contrast
shows very comparable clusters to the “failed stop>go” con-
trast, but they are less extensive and have lower z-values. This
suggest that maybe very similar networks are involved, albeit
less heavily.

The activation clusters in the “successful stop>go” (Fig-
ure 11) contrast are, comparable to the MNI152-analysis,
and show little activation in the subcortex or brainstem.
Still, a set of clusters in the thalamus and VTA survived
the FDR correction. However, they have the size of only a
few voxels and relatively low z-values, so a cautious inter-
pretation is warranted.

Connectivity Analyses

Since the specificity of task activation patterns of the
different BG nuclei was rather limited, we also investi-
gated node-to-node functional connectivity. If the ana-
tomical masks would correspond to distinct functional
signals, they should show clear correlational patterns
with higher correlations for functional homologous
nuclei across the hemispheres, compared with functional-
ly different nuclei in the same hemisphere. Subcortex
BG node-to-node signal correlations were computed,
without additional modeling of task-related activity. For
the 7 T protocols 1–3 (1.2 mm/22 ms/7 T; 1.2 mm/15
ms/7 T; 1.5 mm/14 ms/7 T), but not the 3 T protocol 4
(1.5 mm/30 ms/3 T), robust correlation patterns were
found. Importantly, correlations between contralateral
functional homologous nodes tended to be higher com-
pared with functionally distinct nodes that were spatial-
ly closer. For example, for protocol 3 (1.5 mm/14 ms/7
T), the correlations between left and right STN (mean
r 5 0.52. std. 0.15) and left and right SN (mean r 5 0.54,
std. 0.14), were on average considerably higher than
those between left STN and left SN (mean r 5 0.28, std.
0.22; t(19) 5 4.9, P< 0.001 and t(19) 5 5.3, P< 0.001) and
right STN and right SN (mean r 5 0.34, std. 0.2;
t(19) 5 3.2, P< 0.001 and t(19) 5 4.3, P< 0.001). These cor-
relational patterns suggest that these connectivity mea-
sures adhere to functional anatomy and are not just an
artifact of spatially correlated noise.

Figure 9.

Slices of the voxelwise analysis of the “Failed stop > Go” con-

trast in the T2* weighted group template (no MNI152 coordi-

nates) for protocol 3, showing both average anatomy and a SPM

of the z-values. Outlines of the anatomical masks are overlaid in

white. These masks indicate the area that corresponds to voxels

that have been labeled as the nucleus-of-interest nucleus in at

least 18 out of 20 participants. The two lateral nuclei are the

Globus Pallidus interna (GPi, medial) and externa (GPe, lateral),

the most-medial, sphere-like areas are the red nuclei (RN).

These lie just dorsal of the substantia nigra (SN), and slightly

posterior to the subthalamic nucleus (STN). [Color figure can

be viewed at wileyonlinelibrary.com]
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Figure 11.

Slices of the voxelwise analysis of the “Successful stop > Go”

contrast in the T2* weighted group template for protocol 3,

showing both average anatomy and a SPM of the z-values. Out-

lines of the anatomical masks are overlaid in white. These masks

indicate the area that corresponds to voxels that have been

labeled as the nucleus-of-interest nucleus in at least 18 out of

20 participants. The two lateral nuclei are the Globus Pallidus

interna (GPi, medial) and externa (GPe, lateral), the most-

medial, sphere-like areas are the red nuclei (RN). These lie just

dorsal of the substantia nigra (SN), and slightly posterior to the

subthalamic nucleus (STN). [Color figure can be viewed at

wileyonlinelibrary.com]

Figure 10.

Slices of the voxelwise analysis of the “Failed stop > Successful

stop” contrast in the T2* weighted group template for protocol 3,

showing both average anatomy and a SPM of the z-values. Outlines

of the anatomical masks are overlaid in white. These masks indi-

cate the area that corresponds to voxels that have been labeled as

the nucleus-of-interest nucleus in at least 18 out of 20 participants.

The two lateral nuclei are the Globus Pallidus interna (GPi, medial)

and externa (GPe, lateral), the most-medial, sphere-like areas are

the red nuclei (RN). These lie just dorsal of the substantia nigra

(SN), and slightly posterior to the subthalamic nucleus (STN).

[Color figure can be viewed at wileyonlinelibrary.com]
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Importantly, the correlation sizes were in general higher
in protocol 3 (1.5 mm/14 ms/7 T), especially in STN, SN,
and RN (see Fig. 12). These higher correlations are to be
expected because of the higher tSNR of this protocol com-
pared with protocols 1 (1.2 mm/22 ms/7 T), 2 (1.2 mm/15
ms/7 T), and 4 (1.5 mm/30 ms/3 T).

DISCUSSION

The BG plays a crucial role in many cognitive para-
digms and they are thought to subserve diverse cognitive
functions such as decision-making and learning. However,

it remains a challenge to functionally image the BG with
sufficient anatomical detail to attribute measured signals
to specific nodes and their putative subdivisions [De Hol-
lander et al., 2015]. Here we tested three fMRI protocols at
7 T, as well as a comparable protocol at 3 T, to quantita-
tively test which set of scanning parameters (most notably
echo time, resolution, and field strength), deliver robust
BOLD sensitivity with maximal anatomical specificity.

First and foremost, our work establishes that, compared
with functional neuroimaging of the cortex, some modesty
in terms of resolution is necessary and special care should
be taken to accommodate the short effective T2* relaxation
values in and close to the iron-rich BG nuclei, especially at

Figure 12.

Mean Basal Ganglia functional connectomes for the four proto-

cols. Note how in protocol 1–3 (and especially in protocol 3)

contralateral homologues are more strongly correlated than ipis-

lateral nodes that are spatially much closer. For example, the

timeseries in left and right STN are more correlated than those of

left STN and left SN, even though they lie adjacent to each other.

This suggests some functional relevance of the found correlations,

more than just spatially correlated (physiological) noise. [Color

figure can be viewed at wileyonlinelibrary.com]
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higher field strengths. Using a spatial resolution of 1.2 mm
isotropic and a GRAPPA factor of 4, parameters that are
frequently used in “cortical” 7 T functional neuroimaging
studies [Van der Zwaag et al., 2016], we found no robust
BOLD sensitivity in subcortical BG nuclei. Even when the
echo time was specifically optimized for these nuclei (pro-
tocol 2), voxelwise tSNRs were very low. The average
task-locked signal did not resemble a hemodynamic
response and statistical tests showed no task-related activi-
ty or significant differences between task conditions. A dif-
ferent picture emerged for the 1.5 mm isotropic 7 T fMRI
protocol with a GRAPPA factor of 3 (protocol 3). This pro-
tocol showed significant task-related activity in all condi-
tions, with the same limited number of subjects (5). This
protocol is similar to earlier work that showed activations
in the BG nuclei [Keuken et al., 2015; Mestres-Miss�e et al.,
2017].

We also tried to replicate a high-resolution 3 T fMRI
protocol with 1.5 mm isotropic resolution focusing on BG
nodes [Pauli et al., 2015]. This protocol showed no robust
BOLD sensitivity. More specifically, voxelwise tSNR was
very low, the average task-locked signal did not resemble
a hemodynamic response, and, after FDR correction, no
BG nuclei showed significant activation. One may argue
that the differences between the findings by Pauli et al.
and our findings can be attributed to differences in the
analysis, preprocessing, and experimental paradigm as fol-
lows: (a) we performed a relatively stringent a-priori ana-
tomical-region-of-interest analysis. This was different from
the voxelwise analysis without (explicit) multiple compari-
son correction in Pauli et al. In their study, the data were
thresholded at arbitrary and relatively lenient (especially
considering the high resolution and limited smoothing)
one-sided thresholds of P< 0.005 and P< 0.001; (b) here,
no physiological filtering of the fMRI data was performed
(since no physiological data were available for this proto-
col); (c) we used a different experimental paradigm that
taps into action selection and response inhibition, rather
than (passive) reinforcement learning.

Despite our current findings, it is important to note that
functional neuroimaging at a lower field strength of 3 T
still has some advantages over UHF MRI in terms of lower
costs, reduced geometrical distortions, less T2* variability,
and higher T2* values across the brain (attenuating the
need for very short echo times). However, it is also evi-
dent from the current results that the 7 T MRI protocol
used in the present study provides superior tSNR at an
appropriate spatial resolution to achieve sufficient anatom-
ical specificity in BG nodes. We suggest that special care
should be taken in future studies investigating the subcor-
tex, in particular BG nodes, with 3 T fMRI.

Secondly, this study suggests that the BG nuclei are
highly similar in their activation patterns during the differ-
ent conditions of the stop-signal task. Specifically, all
nodes show increased activity compared with baseline in
both go and failed stops, as well as during successful

stopping trials. Moreover, most of the BG nuclei showed
increased activity during failed stop compared with go
and successful stop trials. Contrary to the findings of Aron
et al. [2006] in an “STN region” that probably corresponds
to a combination of the subcortex BG nuclei studied here,
no BG nuclei showed heightened activity in successful
stop trials compared with go trials [but see Aron et al.,
2014a, 2015; Cai et al., 2014; Erika-Florence et al., 2014;
Hampshire, 2015; Hampshire and Sharp, 2015]. A differ-
ence in activation between failed stop and go trials, but no
difference between successful stop and go trials in the
“STN region” has been reported before in other studies
[Jahfari et al., 2011; Ray Li et al., 2008]. Multiple theoretical
frameworks have been developed that might help further
interpret these findings in future work [Hampshire and
Sharp, 2015; Shenoy and Yu, 2011].

Thirdly, the present study shows that the traditional
analysis approach where individual SPMs are transformed
to a MNI152 standard space using T1-weighted anatomical
images after smoothing with a moderate 5mm FWHM
Gaussian kernel, leads to a severe loss of anatomical detail.
The activation clusters that were found in the “failed
stop> go” contrast cover almost the entire subcortex and
brainstem. A more specific approach that uses a-priori
defined individual anatomical masks and/or a group-
specific T2* weighted template provided more fine grained
anatomical specificity. Such specificity is necessary for the
validation of current detailed models of BG functioning.
Theoretical, simulation, and meta-analysis articles have all
stressed the negative influence of smoothing on anatomical
specificity [de Hollander et al., 2015; Stelzer, 2014; Turner
and Geyer, 2014].

Lastly, the explorative voxelwise analysis in the group
template shows that subcortical areas other than the main
BG nuclei are also involved in the stop signal task, mostly
in the thalamus and brainstem, and possibly in the VTA.
Unfortunately, the field of neuroimaging is currently lack-
ing detailed subcortical atlases that allow us to probe these
areas in more detail and this work motivates further work
on the extension of subcortical MRI atlases [there are
potentially hundreds of distinct subcortical areas; Alke-
made et al., 2013; Keuken et al., 2014].

FUTURE WORK

The current results shed new light on the pressing issue
to develop new UHF fMRI protocols specifically tailored
to subcortical brain structures [Van der Zwaag et al.,
2016]. The greatest challenge will be to increase the SNR,
allowing for higher resolutions and sensitivity to detect
small differences in activity due to experimental manipula-
tions in cognitive paradigms. There are several directions
of future work that could help to increase the SNR in the
subcortex: (1) rapid acquisition techniques, such as simul-
taneous multi slice (SMS) and accelerated 3D image encod-
ing. These techniques do not subsequently acquire single
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2D slices, but multiple slices or entire brain volumes
simultaneously [Boyacio�glu et al., 2015; Setsompop et al.,
2016]. This allows for reducing TR and the collection of
more volumes and/or slices per experiment; (2) the use of
multi-echo protocols that yield multiple images with dif-
ferent echo times, collected virtually at the same time.
These different images could be used to have an optimal
signal across the entire brain, including areas with vastly
different T2* baseline values [Koopmans et al., 2011;
Kundu et al., 2012]; (3) coil setups tailored toward deep
brain structures. Currently, multi-channel coil arrays have
a high number of coils that are locally sensitive, which
facilitates parallel imaging techniques, but effectively only
in the “outer” parts of the brain [De Zwart et al., 2002;
Pruessmann et al., 1999; Setsompop et al., 2016]. This local
sensitivity can be detrimental to the sensitivity in the
deeper parts of the brain, since they are relatively distant
from all the coils in the array.

Furthermore, the effective resolution of fMRI can also be
further improved by using contrast mechanisms that are
more tightly localized than the default BOLD contrast.
One promising candidate would be the Vascular Space
Occupancy sequence (VASO) that is sensitive to cerebral
blood volume (CBV), affording higher spatial specificity to
the activated nuclei, especially at higher field strengths
[Huber et al., 2014, 2016; Lu et al., 2003]. Unfortunately,
the increased specificity comes at a cost of reduced signal
sensitivity, and future work should test whether VASO
can be an effective functional measure not only in cortical,
but also subcortical areas. Another possibility is the use of
Spin Echo-based protocols (SE). There is a large amount of
large vessels present in the subcortex. The T2 contrast that
SE protocols offer are less sensitive to draining veins and
thus would be more spatially specific to activation of the
nuclei themselves [Parkes et al., 2005; Uluda�g et al., 2009].
Furthermore, Spin Echo-based sequences are less sensitive
to susceptibility effects induced by iron deposition. How-
ever, those advantages come with a decreased overall
BOLD sensitivity and an increased specific absorption rate,
especially at UHF, limiting the spatial coverage of the
acquisition.

Parallel efforts could focus on improving the sensitivity
of functional MRI at the lower field strength of 3 T.
Although the SNR is inherently lower at 3 T compared
with 7 T, 3 T scanners are much more widely available
and have lower operating costs. Future work should thor-
oughly establish whether robust BOLD sensitivity can or
cannot be achieved at 3 T without severely sacrificing ana-
tomical specificity. One possible approach would be to
slightly reduce the resolution of the functional images but
still use high-quality anatomical data for precise localiza-
tion of the nuclei-of-interest. The problem of lower SNR
might also be somewhat overcome by longer acquisitions
and massive averaging, but note that one needs roughly
(7/3)2 5 5.4 times more data to obtain similar signal esti-
mation at 3 T versus 7 T, ignoring issues like subject

movement and fatigue (the subjects already performed the
task for 51 minutes in the protocols described in this arti-
cle). Although some 3 T studies have convincingly shown
activation clusters in subcortical BG nodes, the issue of
anatomical specificity of activation clusters has oftentimes
been overlooked [de Hollander et al., 2015].

CONCLUSION

In sum, the Basal Ganglia play a crucial role in theories
of cognition and disease and the study of their functioning
could help elucidate the neural underpinnings of therapies
such as DBS and cognitive processes such as response
inhibition. Functional imaging of these nuclei with suffi-
cient anatomical detail in the living human is, however, a
challenging endeavor. Special caution should be taken in
the development of UHF fMRI protocols targeting the BG,
because the magnetic properties of these small iron-rich
nuclei are considerably different from cortical regions, the
usual focus of UHF fMRI studies. The study described
here provides a first recipe for a validated fMRI protocol
at 7 T that can disentangle signals originating from differ-
ent subparts of this subcortical network.
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