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It was recently shown that when large amounts of task-based blood
oxygen level-dependent (BOLD) data are combined to increase con-
trast- and temporal signal-to-noise ratios, the majority of the brain
shows significant hemodynamic responses time-locked with the experi-
mental paradigm. Here, we investigate the biological significance of
such widespread activations. First, the relationship between activation
extent and task demands was investigated by varying cognitive load
across participants. Second, the tissue specificity of responses was
probed using the better BOLD signal localization capabilities of a 7T
scanner. Finally, the spatial distribution of 3 primary response types—
namely positively sustained (pSUS), negatively sustained (nSUS), and
transient—was evaluated using a newly defined voxel-wise wave-
shape index that permits separation of responses based on their tem-
poral signature. About 86% of gray matter (GM) became significantly
active when all data entered the analysis for the most complex task.
Activation extent scaled with task load and largely followed the GIM
contour. The most common response type was nSUS BOLD, irrespect-
ive of the task. Our results suggest that widespread activations asso-
ciated with extremely large single-subject functional magnetic
resonance imaging datasets can provide valuable information about the
functional organization of the brain that goes undetected in smaller
sample sizes.
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Introduction

In a previous study (Gonzalez-Castillo et al. 2012), we showed
that it is possible to detect blood oxygen level-dependent
(BOLD) signal fluctuations time-locked with the experimental
paradigm in the majority of the brain at the single-subject level,
using a simple visual stimulation plus attention control task
and approximately 500 min of functional data per subject. De-
tected individual voxel-wise responses followed 3 primary pat-
terns: positive responses sustained for the duration of the task,
negative responses sustained for duration of the task, and tran-
sient responses present only at task onsets/offsets. Concurrent-
ly, using a group analysis approach, Thyreau et al. (2012)
found that, when combining data from 1326 subjects, statistic-
ally significant activations in response to passive viewing of
faces covered the majority of the brain. These 2 studies pose
challenging questions regarding functional localization and
the relationship between statistical and biological significance
in larger-than-usual functional magnetic resonance imaging
(fMRI) datasets. Importantly, these interpretational challenges
may soon not be specific to large fMRI datasets, but of rele-
vance to most fMRI studies as improvements in fMRI hardware
and methodology keep translating into substantial increases
in temporal and contrast signal-to-noise ratios for individual
scans (Triantafyllou et al. 2005).

With respect to statistical versus biological significance, both
studies interpreted their results differently. Thyreau et al.
(2012) concluded that classical statistical univariate analyses
produce less anatomically relevant results (white matter [WM]
activations) as subject count increases. In the case of Gonzalez-
Castillo et al. (2012), the authors evaluated biological signifi-
cance by studying whether or not the spatial distribution of
whole-brain responses was meaningful. Clustering of whole-
brain voxel-wise hemodynamic responses resulted in anatom-
ically and functionally meaningful parcellations that were sym-
metric across hemispheres and reproducible across subjects.
Based on these results, the authors concluded that, although a
neuronal origin for all response shapes could not be deter-
mined, detected responses seemed to be biologically signifi-
cant in the same way that resting-state patterns of BOLD signal
fluctuations have proven to be biologically significant in
resting-state fMRI (Smith et al. 2009).

To further advance our understanding of the biological sig-
nificance of widespread BOLD activations in large fMRI data-
sets, we acquired 100 functional runs in each of 3 subjects.
Stimulation and cognitive load were varied across subjects to
evaluate how task load affects activation extent in large single-
subject fMRI datasets. In particular, one subject performed a
letter/number discrimination task superimposed on a full
field-of-view (FOV) flickering checkerboard (same task as in
Gonzalez-Castillo et al. (2012)); a second subject had to simply
fixate on the center of a full FOV flickering checkerboard; and
a third subject only received visual stimulation (i.e., flickering
checkerboard) in the left hemifield of the FOV while fixating.
To minimize partial volume effects (a potential limitation of
Gonzalez-Castillo et al.), data were acquired using a 7T system
and voxels 6.7 times smaller than in the original study
(Gonzalez-Castillo et al. 2012). The lower sensitivity to large
veins and the smaller BOLD point spread function at higher
magnetic fields (Shmuel et al. 2007) additionally contribute to
the increase in spatial specificity of responses in this second
dataset. We computed activation maps for all tasks using an in-
creasing number of functional runs (V.,s) ranging from 1 to
100 in intervals of 5. At each N, level, we computed activa-
tion maps and the percentage of significantly active gray
matter (GM) voxels. For the subject performing the original
visual stimulation plus attention control task, voxels with
BOLD signals time-locked with the task account for 86% of
GM. When task load was modulated by removing the attention
control component of the task or changing the stimulation
FOV, activation extent shows a positive correlation with task
load independently of how many functional scans (V,,,s) enter
the analysis. This suggests a biological significance for the de-
tected responses. In addition to activation extent, we also eval-
uated how the spatial distribution of response shapes varied
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across experimental conditions. Our results highlight how
positively sustained (pSUS) responses—those commonly re-
ported in fMRI—account for fewer than half of all significantly
active voxels irrespective of the task. This result suggests that
transients and negatively sustained (nSUS) responses need to
be studied in more detail to obtain a complete picture of how
the brain reacts to external task demands. To appropriately
discuss the new results within the context of our original ob-
servation of widespread activations (Gonzalez-Castillo et al.
2012), all new analyses were conducted both on the newly ac-
quired 7T dataset and on the original 3T data. Moreover, in
order to better interpret differences across both datasets, a
series of data-quality metrics—namely spatial smoothness,
temporal signal-to-noise ratio (TSNR) and contrast-to-noise
ratio (CNR)—were computed and are reported in the Results
section.

Materials and Methods

Subjects

Three subjects with no known history of neurological disorders (2
females; age=25+2.5 years) completed this study. All participants
gave informed consent in compliance with a protocol approved by the
Institutional Review Board of the National Institute of Mental Health in
Bethesda, MD, USA.

Experimental Tasks

All functional runs had the same organization of blocks. An initial 10-s
rest period was followed by 5 repetitions of a 20-s task block and a 40-s
rest block. An additional 10 s of rest were added at the end of each func-
tional run, resulting in 320 s runs. During the rest periods, subjects were
instructed to remain still and focus their attention on a black fixation
crosshair over a gray background. Note that the paradigm from our prior
study at 3T had an additional 20 s of rest at the beginning of each run
and used a white fixation cross on a black background. During the task
epochs, each subject did 1 of 3 different tasks described below. Each
subject always performed the same task across all 100 runs.

1. Full Field-of-View Visual Stimulation + Attention Control Task
(fFOV + Task): The subject was instructed to focus his/her attention
on a crosshair at the center of a full FOV flickering checkerboard
(frequency =8 Hz) and to perform a letter/number discrimination
task. Four random alphanumeric characters appeared for 400 ms at
random intervals in the center of the flickering checkerboard
during each block. The subject was provided with a four-button re-
sponse box in his/her right hand and was instructed to press one
button if the character on the screen was a letter and another button
if it was a number (same as in Gonzalez-Castillo et al. (2012)).

2. Full Field-of-View Visual Stimulation Only (fFOV Only): The
subject was instructed to focus his/her attention on a crosshair in
the center of a full FOV flickering checkerboard (frequency = 8 Hz).
No letter/number discrimination task was present.

3. Hemifield Visual Stimulation (hFOV Only): The subject was in-
structed to focus his/her attention on a crosshair in the center of a left
hemifield flickering checkerboard (frequency =8 Hz; degrees left of
center = 3). No letter/number discrimination task was present.

Data Acquisition

Imaging was performed on a Siemens 7T MRI scanner equipped with a
32-element receive coil (Nova Medical, Wilmington, MA, USA). Function-
al runs were obtained using a gradient-recalled, single-shot, echo-planar
imaging (EPI) sequence (TR=2.0s, TE=25ms, FA=50° 54 oblique
slices, slice thickness =2 mm, spacing =0 mm, in-plane resolution =2 x
2 mm, FOV =192 mm, acceleration factor (GRAPPA) =2). T)-weighted
magnetization-prepared rapid gradient-echo data were also acquired for
presentation and alignment purposes (sagittal prescription, number of
slices per slab=192, slice thickness=1mm, square FOV =256 mm,
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image matrix =256 x 256). Acquisition of the entire dataset required an
average of 11 visits per subject.

Data from the previous study were collected on a General Electric
(GE) 3T MRI scanner with relatively minor differences in echo-planar
and structural scans, most notably in resolution (3.75 x 3.75 x 3.8 and
0.94x0.94 x 1.2 mm, respectively) and flip angle (75° in functional
runs). See Gonzalez-Castillo et al. (2012) for additional details.

Data Preprocessing

The Analysis of Functional Neurolmages (AFND) software (Cox 1996)
was used for data preprocessing. For individual EPI runs, preproces-
sing included: 1) discarding initial 4 volumes to allow magnetization to
reach steady-state; 2) slice-timing correction; 3) intrarun motion correc-
tion; 4) within-subject interrun spatial co-registration; 5) removal of
signal changes proportional to motion parameters and their first deri-
vatives; and 6) intensity normalization, by dividing each time-series by
its own mean. The only difference in preprocessing between studies is
the lack of physiological noise correction in the new study due to non-
availability of respiratory and cardiac traces. No additional spatial
smoothing was performed as part of the preprocessing.

For each EPI run, an intracranial voxel mask was generated using
the 3dAutomask program in AFNI. These masks were combined into a
single mask at the subject level. The resulting masks were used in sub-
sequent analyses to restrict computations only to voxels for which
BOLD data are available for all 100 runs. This method compensates for
small differences in imaged FOV across scanner visits. Additionally,
voxels with high variance were removed from the mask. High-variance
voxels were defined separately for each subject as those with a tem-
poral standard deviation of the residuals for the SUS model (see model
definition below) >10 in 1 or more runs. This resulted in the removal of
a small number of voxels per subject located either at the edges of the
brain or overlapping vasculature.

Additionally, GM and WM masks were generated using the segmen-
tation algorithm available in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/)
and constrained to the intracranial masks. WM masks were then
further restricted by eroding the outer most layer of voxels with the
3dmask_tool AFNI program.

Statistical Analyses/Activation Extent

Statistical analyses were performed using an increasing number of runs
(Neuns) ranging from 1 to 100 in steps of 5. To minimize any bias in the
estimates of activation extent, 10 random permutations per Ny,,s level
were used, with the exception of N,,s=100 for which only a single
case could be computed. For N,,s =1, 10 runs were randomly selected
for each subject.

All statistical analyses were conducted with the AFNI program
3dREMLfit, which accounts for temporal autocorrelation in the noise
of functional MRI (fMRI) time-series using an ARMA (1, 1) model. The
statistical analyses were performed using 3 different models for the
predicted BOLD response:

1. Sustained-Only Response Model (SUS): Here, the expected BOLD re-
sponse associated with the task was modeled via convolution of a
gamma-variate function (Cohen 1997) with a boxcar function that
matches the experimental paradigm (i.e., “1s” during active blocks
and “0s” during rest/fixation blocks). This case corresponds to the
most conventional approach to the analysis of block fMRI data
(Fig. 14).

2. Onset + Sustained + Offset Response Model (OSO): Here, in addition
to the sustained response of the SUS model, 2 additional BOLD re-
sponses were included. First, a stimulus-onset BOLD response was
modeled as the convolution of the same gamma-variate function
with a boxcar function with ones only at active epoch onsets. Simi-
larly, the stimulus-offset BOLD response was modeled by convol-
ving the gamma-variate function with a boxcar function with ones
only at active epoch offsets. This is equivalent to the method pre-
viously used by Uludag (2008) and a subset of the OSORU model
proposed by Harms and Melcher (2003) (Fig. 1B).

3. Unconstrained Shape Response Model (UNC): Here, no a priori in-
formation on the shape of the BOLD response is included other
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Figure 1. (A-C) Response models for 1 cycle (60 s) of the experimental paradigm, with task blocks (20 s) colored in gray. (4) The sustained (SUS) model consists of a
gamma-variate BOLD response during the task block. (B) The onset + sustained + offset (0SO) model adds transient responses at the onset and offset of the task block to the
SUS model. (C) The unconstrained (UNC) model uses finite impulse response (FIR) functions to model the data with no a priori information beyond task timing. (D) Categorization of
response types in active GM for the 7T fFOV + Task subject. Impulse response functions estimated using the UNC model are separated into 20 bins according to the waveshape
index (w) and classified as positively sustained (red), transient (green), or negatively sustained (blue). The mean response from within each bin is overlaid in black.

than the cyclic nature of the experimental paradigm. Therefore, the
reference BOLD response function here consisted of a set of 30
impulse functions centered at acquisition times spanning the dur-
ation of one task cycle (20 s task + 40 s rest) (Fig. 1C).

In all instances, maps of significant activation were computed for the
overall model (F-stat) using a voxel-wise false-discovery rate (FDR)-
corrected statistical threshold of prpg < 0.05 (AFNI program 3dFDR).

Modified Wavesbape Index

Harms and Melcher (2003) previously defined a metric called a waveshape
index that was capable of distinguishing between sustained and transient
responses. This index permits both looking at the spatial distribution of
these 2 types of responses as well as sorting voxel-wise responses in
terms of their “sustained-like” and “transient-like” characteristics. As ori-
ginally devised, the index does not distinguish between pSUS and nSUS
responses. Given that our interest lies in evaluating these 2 types of re-
sponses separately, we defined a modified version of the waveshape

index based on the OSO model described above as follows:

w— Bsus
|Bsus| + 1Bonl + | Borrl

(1)

where fBsys is the effect size for the sustained response, foy is the effect
size for the onset response, and for is the effect size for the offset re-
sponse, all according to the fits to the basis functions in the OSO model
at Nyuns = 100. When defined this way, the waveshape index (w), ranges
from —1 to 1, with w=—1 indicating purely nSUS responses, w =1 indi-
cating purely pSUS responses, and transient response shapes corre-
sponding to w in the vicinity of zero. Note that combining the
magnitudes of the onset and offset components does not allow w to dif-
ferentiate between positive and negative transients or onset and offset
responses. All transients were grouped together in this way to better
compare transient-like and sustained-like responses. Also, notice that
the intensity normalization step, performed as part of preprocessing,
does not alter the sign of the beta weights that constitute the input to
this waveshape analysis because the voxel-wise mean is always a posi-
tive value.
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Voxels were discretely categorized according to response type by
dividing the range of w into thirds, such that responses with w < —0.33
were labeled as nSUS, responses with —0.33 <w < 0.33 were labeled as
transient, and responses with w > 0.33 were labeled as pSUS. Figure 1D
assesses the validity of the index as a means to classify voxel-wise
BOLD responses by showing the impulse response functions output
by the UNC model for each statistically significant voxel in GM for the
7T “0FOV + Task” subject as a function of w. Responses were grouped
into 20 bins. Responses in bins corresponding to pSUS responses are
presented in red, transient responses in green, and nSUS responses in
blue. The mean response from each bin is overlaid in black. Figure 1D
shows that w grouped voxel-wise responses according to shape as
expected.

To evaluate the spatial distribution of the 3 response types, wave-
shape maps were generated for all subjects (Fig. 4). To evaluate the
contribution of each response type to overall activation extent in GM,
histograms of w across GM voxels were computed for each subject
(Fig. 6B). The proportions of each response type within active GM for
a given subject and ratios between those proportions were also calcu-
lated (Fig. 6C).

Effect Size Analysis

Finally, in order to evaluate potential systematic differences in effect
size across response types, the magnitudes of pSUS, nSUS, and transi-
ent responses were compared (Fig. 64). For this purpose, an average
effect size per response type and subject was computed using only the
top 5% voxels with the strongest response within each response cat-
egory. For sustained responses (both pSUS and nSUS), response mag-
nitude is reported in terms of the beta coefficient for the sustained
component of the OSO model (Bsys). For transient responses, we used
the average of the beta coefficients for the onset (f,,) and the offset
(Bogr) responses. Results from this part of the analysis are reported in
Table 3.

Data-Quality Metrics

Spatial Smoothness

The spatial smoothness of the EPI data was estimated using AFNI
program 3dFWHMkx, restricting the estimation only to voxels within
each subject’s intracranial voxel mask.

Temporal Signal-to-Noise Ratio

TSNR is commonly defined on a voxel-wise manner as the ratio of the
mean across time divided by the standard deviation across time. We
report TSNR as the average TSNR across all voxels in the WM mask de-
scribed above. This was done to avoid bias by large responses in active
GM voxels.

Contrast-to-Noise Ratio

CNR is defined here as the ratio of the effect size for the sustained
model (Bsys from the SUS model) to the temporal standard deviation of
the residuals. To avoid any bias due to outliers, CNR is computed for
all voxels within a 5-mm radius Region of Interest centered at the peak
voxel within right primary visual cortex. Right primary visual cortex
was defined as the union of the right lingual gyrus and the right calcar-
ine gyrus of the MNI macrolabel atlas distributed with AFNI.

Results

Bebavioral Results

Behavioral data were only collected for 1 subject, as the other 2
were asked to passively look at the screen where the stimuli
were being projected. For this subject, average accuracy across
runs was 97 + 3.5%. Minimum accuracy was 90%. For the other
2 subjects, we visually inspected time-series to ensure that the
5 pertinent blocks of activation were present. If one or more
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Table 1
Comparison of data-quality metrics across experiments

Smoothness (mm) White matter TSNR Visual cortex CNR

3T 6.55 +0.07 349 =19 517 £ 0.65
m 238 =0.10 106 + 12 4.36 +0.82
31/7T 2.76 3.30 1.18

Single run metrics were averaged across all 100 runs. Values averaged across the 3 subjects are
shown with standard deviations.

blocks were not present, the run was discarded. A total of 100
good runs were obtained in each of the 3 subjects.

Data-Quality Comparison Across Studies

Given differences in field strength, vendor, and acquisition
parameters across the datasets (e.g., 3T and 7T data), we com-
puted a series of quality metrics to better understand these dif-
ferences during the interpretation of the results. Each metric
was computed individually for each run. Averages across all
runs from all subjects are reported on Table 1. This table
shows how estimated spatial smoothness was 2.76 times
higher for the 3T data; TSNR was 3.30 times bigger for the 3T
data; and CNR was 1.18 times bigger for the 3T data when
compared with the 7T data.

Activation Extent Results

Figure 2 shows percent of active GM voxels as a function of
Nyuns for both the current and prior study. Activation extent sig-
nificantly increased with NV, for all tasks and models in the
new experiments reported here. Percentage of active GM at
Npuns =1 and N = 100 for all models in all 7T conditions, as
well as the average values across the 3T subjects, are reported
in Table 2. For the fFOV + Task condition at 7T, GM activation
extent reached 86% for the OSO model at N, = 100. Although
lower than the GM activation extent for the original 3T dataset
(96%), the new experimental setup still produced significant ac-
tivations spread all over the brain and well beyond areas com-
monly considered to have a primary relationship with the task
(Fig. 3). This happened despite differences in voxel size, inher-
ent spatial smoothness, TSNR and CNR between both datasets.

To test the biological significance of responses, task load
was modulated across subjects in the new experiments. For all
models and all V., levels, task load modulated activation
extent (Fig. 2). In particular, the simpler the task, the lower the
activation extent reported independently of the response
model and V.

Activation maps in Figure 3 illustrate the spread of activity
from Nyns=1 to 100 for all 7T (voxel size =8 mm?®) subjects
and one representative 3T (voxel size=53.4 mm?) subject
across all response models. For all subjects and models, activa-
tion at N.,,s=100 expanded beyond primary sensory/motor
regions; still, the extent of significant activations was reduced
for subjects with lower task demands. This was particularly
true for the hemifield stimulation condition, for which large
portions of ipsilateral cortex remained nonsignificant at Ny, =
100. Nevertheless, even for this condition, activation extent
still reached 44% of GM volume for the OSO model and
extended well beyond contralateral visual cortex.

Finally, active areas in the 7T maps generally tended to follow
the GM contour more closely than in the 3T maps for both Ny
=1 and N.,s=100. However, significantly active WM voxels
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Figure 2. Evolution of activation extent in GM as a function of runs entering the analysis (uns) for both the 3Tand 7T data for ppr < 0.05. Each panel shows results for a different
response model. Markers track expansion of GM activation as s increases for averages of all 3T subjects (red), the same fFOV + Task condition at 7T (dark blue), “fFQV Only”
(blue), and “hFOV Only” (light blue). Error bars for 3T data show standard deviation across subjects, while error bars for 7T data represent standard deviation across permutations

within a single subject.

Table 2

Activation extent for ppg < 0.05 in GM compartment for all 3 models when: 1) only 1 run enters the analysis; and 2) 100 runs enter the analysis

B, Task s = 1 Nyuns = 100
Sus 0S0 UNC SuS 0s0 UNC
3T fFOV + Task 205 = 8.0% 21.0 = 8.2% 11.0 + 5.9% 875 = 15% 96.4 = 0.5% 982 = 0.3%
i fFOV + Task 9.6+ 3.8% 9.1 +3.4% 5.3+ 1.6% 79.5% 85.6% 82.4%
fFOV Only 6.9 +3.8% 7.0+ 4.1% 38+ 2.0% 71.4% 76.8% 67.0%
hFOV Only 2.2 + 0.4% 18 + 0.4% 1.1+ 0.2% 43.7% 43.9% 35.8%

Standard deviations were calculated across permutations within each subject for 7T data at s = 1 and across permutations for all subjects for 3T data at both Vs levels.
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Figure 3. Maps of activation (prpg < 0.05) for Nyns = 1 (top 3 rows) and 100 (bottom 3 rows) across subjects and response models. Columns correspond to single subjects, and
rows show results from different response models. The “SUS,” “0S0,” and “UNC" rows show significantly active F statistics for those models with yellow indicating stronger
activation. Activation extent increases from N,s = 1 to 100 and decreases from left to right due to differences in quality between 3Tand 7T data and lower task demands in “fFOV
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ns.
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Figure 4. Spatial distribution of response types as categorized by the waveshape index (w) in a set of sagittal and axial slices for all 6 participants. A gradient scale was used to
color each voxel according to its w index. Additionally, contours were overlaid in the map to depict the classification of voxels in 3 main primary response types: red = positively
sustained responses (0.33 < w < 1); green = transient responses (—0.33 < w < 0.33); and blue = negatively sustained responses (—1 < w < —0.33).

were found covering large occipital regions at N,,s=100 at 7T
for both full FOV conditions (i.e., independently of whether or
not the letter/number discrimination task was present).

Response-Type Contributions

Figure 4 shows the spatial distribution of pSUS (red), transient
(green), and nSUS (blue) responses according to the wave-
shape index (w) for all significantly active voxels in GM in all 6
subjects (the 3 3T subjects acquired for the previous study
(Gonzalez-Castillo et al. 2012) and the 3 7T subjects acquired
as part of this study). The top 4 rows show subjects that were
scanned under the fFOV + Task condition (top 3 rows corres-
pond to the 3T subjects from the prior study). The 2 lower
rows show the results for the 2 stimulation-only conditions ac-
quired at 7T (fifth row shows the results for the “/FOV Only”
condition and the sixth row for the “hFOV Only” case). Al-
though intersubject variability in the spatial distribution of re-
sponse types does exist across subjects, many important
commonalities can be found. For example, in all 4 fFOV + Task
subjects, pSUS responses cover large portions of bilateral oc-
cipital cortex, bilateral thalamus, bilateral inferior frontal
cortex, as well as left primary and supplementary motor cor-
texes. Additionally, nSUS responses for these 4 subjects can be
observed in right motor cortex, posterior cingulate cortex, an-
terior medial frontal cortex, bilateral precuneus, and portions
of bilateral superior and medial temporal cortex. In addition,
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transient responses can be observed in all 6 subjects at the
parieto-occipital junction.

Regarding the stimulation-only conditions, for the “/FOV
Only” subject pSUS responses appear to be restricted mainly to
bilateral occipital cortex and bilateral thalamus, although some
additional small clusters with pSUS responses can be found in
parietal and frontal cortex. In contrast, for the “hFOV Only”
subject pSUS responses are constrained mainly to contralateral
occipital cortex and lateral geniculate nucleus. Still, under the
“hFOV Only” condition, there are some portions of the ipsilat-
eral occipital cortex that responded in a pSUS manner. This is
likely the result of the subject not maintaining consistent fix-
ation across all runs. Nevertheless, the extent of pSUS activa-
tions in ipsilateral occipital cortex for this subject is much less
than for the other 5 subjects.

Figure 5 shows the presence of transient-like responses
(either by themselves or accompanied by some level of
sustained-like response) for the 3 experimental conditions at 7T
in all core regions of the task-set network (a limited set of
regions that select and modulate downstream processes relevant
to task performance) previously described by Dosenbach et al.
(2000). In particular, for the 2 stimulation-only conditions
(Fig. 5; upper 2 rows), pure transient responses can be observed
in all 3 core regions—namely bilateral anterior insula/frontal
operculum region (al/fO) and the border of the dorsal anterior
cingulate and medial superior frontal cortex (dAACC/msFC). In
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Figure 5. \oxel-wise responses for the 3 7T participants in the core regions of the task-set network (Dosenbach et al. 2006). The left-most column shows responses in a region at
the border of the dorsal anterior cingulate and the medial superior frontal cortex. The middle and right-most columns show responses for voxels within the right and left anterior

insula/frontal operculum, respectively. Coordinates provided in MNI space.
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Figure 6. (A) Relative size of mean responses, as categorized by w into 20 bins in Figure 10, for active GM voxels in the 7T fFOV + Task subject. Positively sustained, transient,
and negatively sustained responses are colored in red, green, and blue, respectively. (B) Histograms of w as a percentage of active GM for each subject (average of 3T subjects
shown with standard error bars), showing the relative abundance of each response type. (C) Bar graph showing contributions of each response type relative to total GM volume for
all 7Tand the average of the 3T subjects. The percentage of GM activation that each response type is responsible for in each subject is overlaid in black.

contrast, in the fFOV+Task condition, transient responses
occur on top of pSUS responses (Fig. 5; bottom row).

Figure 64 shows the average hemodynamic response for the
7T fFOV + Task condition in each of the 20 bins used to evalu-
ate the validity of the waveshape index (Fig. 1D). When over-
lapping these average response shapes on the same plot, it

becomes apparent that pSUS responses are on average larger
than transients and nSUS responses. Table 3 shows the relative
size (as ratios) of the 3 responses types for all subjects. Inde-
pendently of the experimental task under study, pSUS re-
sponses were substantially larger in magnitude than transient
or nSUS responses. As for the relationship between transient
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Table 3
Absolute value of ratios comparing the effect sizes of positively sustained (pSUS), negatively
sustained (nSUS), and transient (Trans) response types, as categorized by w, at Nyy,s = 100

Scanner Task pSUS/nSUS pSUS/Trans nSUS/Trans
3T fFOV + Task 3.19+0.13 752 +1.28 237 =047
) fFOV + Task 8.01 6.96 0.87

fFOV Only 8.67 8.05 0.93

hFOV Only 9.17 8.11 0.88

Standard deviations calculated across subjects for 3T data.

Table 4
Ratio across hemispheres of the number of significant voxels with nSUS responses for the 2 visual
stimulation-only conditions

Condition Uncorrected R/L ratio Corrected R/L ratio
7T: hFQV Only 1.43 1.47
7T: fFOV Only 0.88 0.90

The left columns show the ratio of significant nSUS voxels across hemispheres not taking into
account differences in hemispheric sizes. The right column shows the same ratios after correcting
for differences in the size of total GM masks across hemispheres.

and nSUS responses, a scanner dependence was observed with
nSUS responses being approximately twice as big in magni-
tude as transient responses in the 3T data, but approximately
equivalent in magnitude for the 7T data independently of the
experimental condition.

Figure 6B shows histograms of w values across all significant
GM voxels for all subjects. A bimodal distribution of response
types can be observed for all subjects and conditions. For those
performing the letter/number discrimination task the distributions
are more heavily weighted towards the positive range of w com-
pared with the other subjects. Figure 6C presents a summarized
view of the histogram, where we only show the breakdown of the
3 categories as a percentage of active GM, relative to total GM
volume. Independently of experimental condition, nSUS re-
sponses accounted for the largest proportion of active voxels in
GM (over 40% in all cases, and over 50% in the cases where no
letter/number discrimination task was performed). Transient re-
sponses account for approximately 30% of active GM voxels inde-
pendently of task in the 7T data, though this proportion drops to
an average of 24% in the 3T data. The proportion of pSUS re-
sponses is task dependent; they account for only ~18% of active
GM in stimulation-only conditions; however, in subjects perform-
ing the letter/number discrimination task, the proportion of pSUS
responses increased to surpass transients and account for ~30% of
active GM (see Fig. 6C). Additionally, Table 4 shows the relative
contributions of nSUS responses to GM activation across hemi-
spheres both with and without correction for differences in hemi-
spheric GM size. Regardless of whether or not the correction is
applied, the computed ratios show how nSUS responses were
heavily lateralized towards contralateral cortex during the “hFOV
Only” condition; this strong asymmetry in spatial distribution dis-
sipated for the “fFOV Only” condition.

Discussion

The results reported here represent an extension of previous
studies aimed at better understanding the sensitivity limits of
fMRI and the interpretational challenges associated with the
detection of widespread activations in large fMRI datasets
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(Gonzalez-Castillo et al. 2012; Thyreau et al. 2012). Using a
higher field system (7T>3T) that produced images with
higher nominal spatial resolution (3T/7T: 53/8 mm?®) and
lower spatial smoothness (3T/7T: 6.55/2.38 mm) without in-
curring excessive losses in CNR (3T/7T: 5.17/4.36), we were
able to confirm the presence of BOLD responses correlated
with task-timing in over 86% of GM for a simple visual stimula-
tion plus attention control task when compared with rest.
Moreover, by modulating task demands across subjects, we
showed that the extent of significant activations varies with
task demands in large fMRI datasets in a manner similar to
what it is commonly observed in regular size (2-5 functional
runs per condition) fMRI studies. In particular, we showed that
the lower the task demands, the lower the amount of GM
voxels that become significantly active when 100 functional
runs enter the analysis. Finally, we evaluated the relative con-
tributions of unconventional response shapes—namely nSUS
and transients—to activated regions. We now discuss some im-
plications of these findings in further detail.

Statistical versus Biological Significance

The most common way to report task-based fMRI results is to
generate statistical parametric maps (SPMs) under the assump-
tion that there is a strong correlation between statistical and bio-
logical significance. To generate such maps, researchers must
set a threshold criteria, which in fMRI is usually p<0.05 cor-
rected for multiple comparisons. This criteria is intended to min-
imize type I errors (false positives), but it translates into a
substantial amount of type II errors (false negatives) (Lieberman
and Cunningham 2009). This limitation becomes very apparent
in large fMRI datasets where availability of additional data
permits robust detection of a wider range of response shapes
and magnitudes that otherwise remain statistically insignificant
in smaller samples (Huettel and McCarthy 2001; Saad et al.
2003; Gonzalez-Castillo et al. 2012). The presence of these wide-
spread activations in large datasets poses an important interpret-
ational challenge and their biological and neuronal significance
deserves additional attention.

Here, we extend our original work at 3T and provide evi-
dence in support of a biological origin for widespread activa-
tions, as opposed to being simply the result of additional
degrees of freedom or large acquisition voxels. First, we show
that partial volume effects played a limited role in the original
study, and that the original observation of widespread activation
remains valid at a nominal spatial resolution approximately
7 times higher (3T/7T: 53/8 mm?). Second, we show that activa-
tion extent is modulated by task demands in these large datasets
in a similar manner to what happens in regular size fMRI data-
sets. Both results suggest that widespread activations, when
present, do represent true task-driven alterations of the hemo-
dynamic signal.

Nevertheless, it is worth noticing that increases in signal-to-
noise in these 2 studies came at the cost of combining large
amounts of data that were brought into a common space via
spatial interpolation. Despite combining all necessary spatial
transformations into a single interpolation step, this step will
still introduce some level of artificial smoothness not present in
the original raw data (Grootoonk et al. 2000). While such artifi-
cial smoothness cannot account for the observation of wide-
spread activation across the whole brain (the smoothing kernel
does not go beyond a few voxels), it will lead to an increase in



the observed percentage of active voxels (e.g., activation extent
for a given location may leak into some neighboring voxels). In
order to obtain a more accurate measure of exactly how much
brain tissue gets modulated by an externally imposed task, it
will be necessary not only to increase the nominal spatial reso-
lution of the recordings (as done here) but, at the same time,
also increase the signal-to-noise of each single measure. This
goal may be achievable in the near future with the combination
of additional increases in field strength, the use of more efficient
receive coils, and improvements on the modeling of noise
sources.

The remaining question—that of neuronal significance and
interpretation—is more difficult. Given the range of response
shapes and magnitudes that contribute to widespread fMRI activa-
tions, they most likely arise from a wide range of mechanisms and
may represent a larger set of hemodynamic events and neuronal
processes than those detectable with less data. This is particularly
true in our experiments where the baseline condition (e.g., simple
fixation) does not attempt to control for any specific cognitive
process that accompany task performance (e.g., changes in
arousal, attention, etc.). Key interpretational challenges within this
framework include: differentiating task-essential regions (.e.,
their processing capabilities are indispensable to the successful
performance of the task) from task-accessory regions (i.e., those
affected by task performance, but whose processing capabilities
are not required for successful execution/perception of the task/
stimulus); understanding how differences in baseline conditions
affect the extent and distribution of these widespread responses
(e.g., the use of more specific control conditions or combinations
of them may help better separate the cognitive contributions of
the different activation loci); discerning activations due to in-
creased excitatory neuronal activity versus those due to increased
inhibitory neuronal activity (see Logothetis (2008) for a discus-
sion); and telling hemodynamic events tightly co-localized to
neuronal activity apart from those that only manifest as a vascular-
driven distant echo of true neuronal modulation at a different loca-
tion. Addressing these interpretational challenges will not only
require a better understanding of hemodynamic coupling me-
chanisms and embracing interregional hemodynamic variability
(Chang et al. 2008; Handwerker et al. 2004) as a source of infor-
mation instead of noise (see Orban et al. (2015)) for an elegant ap-
proach to extracting information from interregional variability),
but will most likely necessitate the concurrent use of fMRI with
other techniques such as electroencephalography, and tran-
scranial magnetic stimulation. Here, as a simple initial step, we
decided to group responses in 3 main categories—namely
pSUS responses, nSUS responses, and transient responses—
and to explore their spatial distribution and relative magni-
tudes in order to better understand their contribution to the
overall observed activity.

Positively Sustained BOLD Responses

Positive BOLD signal deflections in response to task/stimulation
are known to correlate well with local field potentials, suggest-
ing positive BOLD is mainly determined by local processing of
inputs to a given area (Goense and Logothetis 2008). Because of
this deeper understanding, most of the time, pSUS responses
constitute the only response type reported in task-based fMRI
studies. Nonetheless, in the large datasets presented here, they
account approximately for only one-third of active voxels in the
fFOV + Task condition and less than one-fifth in the stimulation-

only conditions (Fig. 6C). This suggests that any attempt to fully
characterize the functional organization of the human brain
with task-based fMRI cannot rely on reporting and interpreting
only this type of response (Cauda et al. 2014).

Negatively Sustained BOLD Responses

Negative BOLD responses accounted for the largest percentage
of active GM voxels irrespective of experimental condition. Al-
though first regarded as a purely vascular effect (i.e., “blood
stealing”) (Harel et al. 2002), there is a growing consensus that
sustained negative BOLD signals correspond mainly to inhib-
ited regions (Saad et al. 2001; Shmuel et al. 2006; Devor et al.
2007), with the exception of negative BOLD in periventricular
regions, which are suggested to arise from a purely vascular
phenomena (Bianciardi et al. 2011). Assuming negative BOLD
responses primarily indicate sites of neuronal inhibition, our
results suggest neuronal inhibition is a widely distributed phe-
nomena in the brain (it happens in over 21% of total GM for
the “hFOV Only” condition, and over 35% of total GM in all
other cases). Two additional trends were present in the data.
First, higher task demands lead to a substantial increase in the
volume occupied by nSUS BOLD responses. Second, there is a
marked hemispheric asymmetry in the distribution of negative
responses for the “hFOV Only” condition that disperses once
both visual hemifields are stimulated (Table 4). These observa-
tions could be explained in terms of stronger fronto-parietal
phase coupling contralateral to visual stimulation (Sauseng
et al. 2005). Given the spread and distribution of negative
BOLD fodi, it would be difficult to explain these patterns of acti-
vation solely in terms of vascular territories (Tatu et al. 2012)
and therefore attribute them to purely vascular or hemodynamic
phenomena.

The magnitude of nSUS responses was substantially smaller
(one-third or less; Fig. 64 and Table 3) than that of pSUS re-
sponses across all conditions. The lower effect sizes associated
with negative BOLD relative to positive BOLD have been previ-
ously reported (Saad et al. 2001; Harel et al. 2002). Because of
their lower magnitude, nSUS responses require larger datasets
or higher signal-to-noise ratio to achieve appropriate detec-
tion. Still, these efforts are worthwhile. For example, Manson
et al. (2008) used a sample of 56 multiple sclerosis patients and
60 age-matched controls to show that patients had significantly
smaller negative BOLD responses in ipsilateral motor cortex
during a simple visually cued hand movement task. According
to the authors, insufficient inhibition of ipsilateral cortex, as in-
dicated by decreased magnitude of negative BOLD responses,
may help explain the impairments associated with the disease.

Transient BOLD Responses

Transient hemodynamic changes in response to long sustained
stimulation have been previously reported for auditory (Harms
and Melcher 2003), visual (Uludag 2008), somatosensory
(Marxen et al. 2012), olfactory (Sobel et al. 2000), and higher
order cognitive cortices (Dosenbach et al. 2006). Here, we
show that, on average, these responses account for approxi-
mately 30% of active GM in the 3 experimental conditions
tested at 7T. Moreover, we show that voxel-wise transient re-
sponses can occur both in isolation or in combination with
both forms of sustained responses (Fig. 1D), which is also in
agreement with the literature (Dosenbach et al. 2006; Petersen
and Dubis 2012).
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Though the spatial distribution of transient responses was
quite variable across subjects (Fig. 5), some commonalities
could still be found. For example, Figure 6 shows voxels in the
dACC/msFC and al/fO that responded at the onset and offset of
the task across all 7T subjects. Dosenbach et al. (2006) hypothe-
sized that these regions form a "core" system responsible for se-
lecting and modulating downstream processing regions relevant
to task performance for a large variety of tasks. The fFOV + Task
condition required continuous performance of the attention
task-set and elicited pSUS activity in addition to the transient re-
sponses in these regions, an activation pattern consistent with
instantiation signals followed by maintenance of the task-set. In
contrast, the “core” task-set regions showed only transient re-
sponses in the passively viewed, stimulation-only conditions.
This result shows how working with large fMRI datasets
permits detection of these “core” task-set regions by their differ-
ential responses to relatively low-level tasks, and in this way
extends the findings in the original work of Dosenbach et al.
(2000).

Differences Across Datasets

Two independent datasets acquired on different systems were
used on this study. Key differences across datasets include
field strength (3T vs. 7T), vendor (GE vs. Siemens) and
nominal spatial resolution (53 vs. 8 mm?). These factors trans-
lated into substantial differences in spatial smoothness and
noise characteristics for the data.

With respect to spatial localization, BOLD fMRI data at 7T
benefit from a lower contribution of intravascular signals due
to a decreased T, of blood at this higher field (Yacoub et al.
2001; Duong et al. 2003). In addition, higher field strength
allows us to reduce voxel size without incurring excessive
losses in TSNR and CNR (see next paragraph). One additional
factor affecting spatial resolution is how much the data are spa-
tially smoothed in k-space prior to its transformation into
image space. The 3T vendor uses a default filter for its data in
k-space prior to reconstruction (Friedman et al. 2006). That is
not the case for the 7T vendor. The combined effects of these 3
factors translated into an estimated spatial smoothing 2.76
times bigger on average for the 3T data when compared with
the 7T data.

Regarding noise levels, TSNR and CNR estimates revealed
that, for our particular scanning parameters, data acquired at
the 7T system was noisier. Although higher field strength trans-
lates into higher signal levels, the use of smaller voxels causes
the opposite effect. As a result of this, we observed an overall
decrease in TSNR by a factor of 3.3 going from 3T to 7T. None-
theless, smaller voxels helps alleviate partial volume effects in
GM and translates into smaller losses in CNR (Newton et al.
2012). This phenomenon is clearly observable in our data, as
CNR only decreased by a factor of 1.18 in the 7T data.

GM activation extent for the fFOV +Task condition de-
creased from 96% (3T) (Gonzalez-Castillo et al. 2012) to 86%
(7T) across experiments. Moreover, significant activations at
3T covered large portions of WM, while at 7T active voxels re-
mained primarily within the GM contour. These 2 observations
can be explained by differences in signal-to-noise levels, differ-
ences in spatial specificity, or a combination of both. If lower
signal-to-noise ratio is the primary contributor to these obser-
vations, one could expect activation area to keep increasing
and possibly spread more into WM regions as more data
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become available. The potential additional presence of signifi-
cant BOLD signal changes time-locked with the task in WM
does not necessarily question the biological significance of our
findings. Local hemodynamic changes that accompany meta-
bolic demands are 2-3 times smaller in WM than in GM
(Rostrup et al. 2000), making their detection more challenging.
Moreover, BOLD activations have been previously reported in
different sections of the corpus callosum in response to tasks
with a heavy interhemispheric transfer component and that
rely on callosal communication pathways (Tettamanti et al.
2002; Mazerolle et al. 2008; Gawryluk et al. 2011). It is feasible
that BOLD activations in WM may provide important informa-
tion about processing pathways in the brain. Still, our observa-
tion of significantly active voxels within WM ought to be
interpreted with much care. As previously stated, increases in
signal-to-noise ratio via averaging also come accompanied by
artificial increases in spatial smoothness that can produce
leakage of task-locked fluctuations from GM voxels into neigh-
boring WM voxels. Moreover, the increase in nominal spatial
resolution across studies heavily reduced the amount of signifi-
cantly active voxels in WM. To more clearly address the issue
of WM BOLD activations, further research is necessary to get a
better understanding of the biological processes that can lead
to local BOLD signal changes in pure WM voxels.

A second, alternative explanation for the decrease in active
area across studies for the fFOV + Task condition could be the
difference in spatial resolution and smoothness. If this were
the main cause, one would expect to see additional reductions
in active area for data of equivalent signal-to-noise characteris-
tics acquired at much higher spatial resolutions. New techno-
logical advances will very likely permit acquisition of such
data in the near future. In the meantime, it is difficult to accur-
ately estimate the true level of sparsity for fMRI activations in
response to externally driven tasks given the interactions de-
scribed above. Nevertheless, it is worth noticing that a substan-
tial increase in spatial resolution that came accompanied by
losses in both CNR and TSNR only caused a small decrease in
activation extent. We believe this result suggests that BOLD
signal changes time-locked with experimental paradigms
should be expected in larger portions of the brain than previ-
ously thought, even for the simplest of tasks.

Conclusions

The results presented here constitute additional evidence in
support of a biological significance, as opposed to merely stat-
istical significance, for widespread BOLD activations in
larger-than-usual fMRI datasets. In particular, we show: 1) that
significantly active voxels for a simple visual stimulation plus
attention control task still cover the majority of GM (86%),
despite data being acquired at a nominal resolution almost 7
times higher and concurrent losses in TSNR and CNR; 2) that
activation extent and location varies with task demands in
larger-than-usual datasets in a manner similar to how it does in
common size datasets; 3) that nSUS responses account for the
largest percentage of active GM voxels irrespective of task; and
4) that pSUS responses—those commonly reported in the lit-
erature—only accounted for one-third to one-fifth of active GM
voxels depending on task demands. Overall, these results
confirm the previous observation that BOLD activations are
present in a larger set of brain regions than is commonly re-
ported, highlight the informative value of reporting responses



other than pSUS, and refine some new interpretational chal-
lenges associated with the detection of widespread activations.
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