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Abstract

The origin of the “resting-state” brain activity recorded with functional magnetic resonance imaging (fMRI) is still uncertain.
Here we provide evidence for the neurovascular origins of the amplitude of the low-frequency fluctuations (ALFF) and the
local functional connectivity density (IFCD) by comparing them with task-induced blood-oxygen level dependent (BOLD)
responses, which are considered a proxy for neuronal activation. Using fMRI data for 2 different tasks (Relational and Social)
collected by the Human Connectome Project in 426 healthy adults, we show that ALFF and IFCD have linear associations
with the BOLD response. This association was significantly attenuated by a novel task signal regression (TSR) procedure,
indicating that task performance enhances IFCD and ALFF in activated regions. We also show that IFCD predicts BOLD
activation patterns, as was recently shown for other functional connectivity metrics, which corroborates that resting
functional connectivity architecture impacts brain activation responses. Thus, our findings indicate a common source for
BOLD responses, ALFF and IFCD, which is consistent with the neurovascular origin of local hemodynamic synchrony
presumably reflecting coordinated fluctuations in neuronal activity. This study also supports the development of task-

evoked functional connectivity density mapping.
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Introduction

Resting functional connectivity (FC) (Biswal et al. 1995), a pow-
erful tool to assess neuropsychiatric disorders in absence of
task conditions (Fox et al. 2006; Greicius 2008), is based on
spontaneous fluctuations in blood-oxygen level dependent
(BOLD) signals measured with functional magnetic resonance
imaging (fMRI). Whereas the task-based BOLD signal is con-
sidered a proxy for neuronal activity (Logothetis et al. 2001), the
origin of the spontaneous brain activity is less certain, and the
interpretation of changes in resting-state activity, reflecting
complex combination of neural, vascular, and metabolic fac-
tors, is not always straightforward (Liu 2013). Specifically, previ-
ous studies showing reduced resting-state signals after
pharmacological manipulations with stimulant drugs (caffeine
and cocaine) and hypercapnia suggest that the resting-state

fMRI signal is dominated by cerebral blood flow (Biswal et al.
1997; Li et al. 2000; Rack-Gomer et al. 2009; Murnane et al. 2015;
Wong et al. 2012; Vélez-Hernéndez et al. 2014). However, the
spontaneous BOLD signals show correlation with locally mea-
sured neuronal activity (Shmuel and Leopold 2008) in the upper
gamma frequency band (Magri et al. 2012), similar to the
observed correlation between local neuronal activity and sponta-
neous fluctuations in cortical cerebral blood volume (Schélvinck
et al. 2010).

A popular technique used for the analysis of the spontane-
ous fluctuations is based on regions-of-interest (ROIs) (seed
regions) and correlation analyses (Biswal et al. 1995). The
strength of the correlations between functionally connected
regions have shown linear associations with cerebral blood
flow data obtained using arterial spin labeling (Liang et al.
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2013), and with the alpha power of electroencephalography
data (Chang et al. 2013) simultaneously collected with BOLD-
fMRI data, providing additional evidence for the neurovascular
origin of spontaneous BOLD fluctuations. The evidence sup-
porting the neurovascular origin of the amplitude of low-
frequency fluctuations (ALFF) and other voxelwise FC metrics is
more limited. Though the associations of ALFF and local func-
tional connectivity density (IFCD) with brain glucose metabol-
ism, a marker of neuronal activity (Sokoloff et al. 1977), suggest
that resting-state FC metrics also have neuronal origin (Tomasi
et al. 2013).

IFCD quantifies local degree, the size of the local network
cluster functionally connected to a brain network node and is a
powerful voxelwise data-driven tool for exploring the topology
of the human brain connectome. In contrast to seed-voxel cor-
relation analysis, ultrafast IFCD is ideal for exploratory analyses
in large datasets (Biswal et al. 2010; Tomasi and Volkow 2010,
2012a). IFCD is proportional to local energy utilization (Tomasi
et al. 2013) and sensitive to aging (Tomasi and Volkow 2012b),
gender (Tomasi and Volkow 2011), stimulant drugs (Konova
et al. 2015), intelligence (Lang et al. 2015), brain development
(Tomasi and Volkow 2014), and dopamine signaling (Tian et al.
2013). IFCD was shown to be disrupted in attention deficit
hyperactivity disorder (Tomasi and Volkow 2012a), cocaine
addiction (Konova et al. 2015), nonepileptic seizures (Ding et al.
2014), schizophrenia (Tomasi and Volkow 2014; Liu et al. 2015;
Zhuo et al. 2014), congenital blindness (Qin et al. 2015), and
traumatic axonal injury (Caeyenberghs et al. 2015). However,
IFCD results may not purely reflect local correlations of activity
in a neuronal population, but may instead be affected by vascu-
lar confounds such as correlations in local vascular structure
(Logothetis et al. 2009). The goal of the present study was to
assess the coupling between neurovascular responses and I[FCD
during task conditions as well as after the removal of task-
related signal modulations.

We assessed the correlations of the task-related BOLD signal
change, a proxy for neural activity (Logothetis et al. 2001), with
IFCD and the amplitude of low-frequency fluctuations (ALFF)
(Yang et al. 2007) during task-based fMRI. Our hypothesis was
that brain regions activated by the tasks would show increased
[FCD in proportion to the task-related BOLD signal changes. We
further hypothesized that this association would be reproduc-
ible and stronger for IFCD than for ALFF, given the vascular
nature of ALFF (Di et al. 2013). Here we test these hypotheses
using task-based fMRI data from 426 subjects of the Human
Connectome Project (HCP) and demonstrate the neurovascular
origin of the IFCD, indirectly, through its association with the
task-related BOLD signal.

Methods
Subjects

Data were drawn from the publicly available repository of
the WU-Minn HCP 500 Subjects data release (http://www.
humanconnectome.org/). The scanning protocol was approved
by Washington University in St. Louis’s Human Research
Protection Office (HRPO), IRB# 201204 036. No experimental
activity with any involvement of human subjects took place
at the author’s institutions. The 523 subjects included in the
HCP 500 Subjects data release provided written informed con-
sent as approved by the IRB at Washington University. In total,
97 of the subjects were excluded from the study due to incom-
plete image datasets, image artifacts (identified with the aid of
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principal component analysis), or excessive head motion (mean
framewise displacement > 0.4 mm). The remaining 426 partici-
pants (age: 29 + 4 years; 244 females) were included in this study
and classified into group 1 (grpl; subject# < 203500), for initial
testing, or group 2 (grp2; subject# > 203500) for corroboration.

fMRI Tasks

We selected fMRI datasets collected during the performance of
2 different tasks, Social cognition and Relational processing,
which are described in details elsewhere (Barch et al. 2013). We
selected these 2 out of the 7 tasks used by the HCP because
despite their targeting very different cognitive domains, these
visual tasks cause similar brain activation patterns (Barch et al.
2013), making it possible to study the association between brain
activation and the strength of the FC metrics across cognitive
domains.

Social Cognition Task

The 23 s-long video clips of objects (squares, circles, triangles)
either interacting in some way (“Social” video clip) or moving
randomly (“Random” video clip) (Castelli et al. 2000; Wheatley
et al. 2007) were shown to the subjects. Then, the subjects
decided whether the movement of the objects reflected: 1) a
social; 2) uncertain, or 3) no interaction among them. Each of
the 2 task runs had 5 video blocks (2 “social” and 3 “random”
epochs in one run, 3 “social” and 2 “random” epochs in the
other run) and 5 fixation blocks (15s each). The total scan time
for the Social task was 2 x 197s = 394s.

Relational Processing

This task was shown to engage the rostrolateral prefrontal cor-
tex, defined as the lateral portion of Brodmann area (BA) 10
(Smith et al. 2007), which appears to be involved in complex
cognitive functions (i.e., reasoning, working, and episodic
memory). The participants were presented with 2 pairs of
objects, each of them having 1 of 6 different shapes filled with
1 of 6 different textures. One pair was presented at the top and
the other pair at the bottom of the screen. During “relation”
epochs the participant was instructed to first decide what
dimension (shape or texture) differs across the top pair of
objects and then whether the bottom pair of objects also differs
along that same dimension. During control “match” epochs,
they saw 2 objects at the top of the screen and one object at the
bottom of the screen, and a word in the middle of the screen
(either “shape” or “texture”). The subject was instructed to
decide whether the bottom object matched either of the top 2
objects on that dimension. The stimuli were presented for
2800 ms with 400 ms inter trial intervals and 5 trials per block.
In each of the 2 runs of this task, there were 3 “relation”, 3
“match” and 3 “fixation” blocks, each one lasting 16s. The total
scan time of the Relational task was 2 x167s = 334s.

MRI Acquisition and Precomputed HCP Image Analyses

Resting-state functional images were acquired in a 3.0T
Siemens Skyra unit with a 32-channel coil while the participant
relaxed with eyes open using a gradient-echo-planar (EPI)
sequence with multiband factor 8, TR 720 ms, TE 33.1 ms, flip
angle 52°, 104 x 90 matrix size, 72 slices, and 2 mm isotropic
voxels (Smith et al. 2013; Ugurbil et al. 2013). Scans were
repeated twice using left-right (LR) and right-left (RL) phase
encoding directions.
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The “minimal preprocessing” datasets, which include gradi-
ent distortion correction, rigid-body realignment, field-map
processing and spatial normalization to the stereotactic space
of the Montreal Neurological Institute (MNI) (Glasser et al. 2013)
were used in this work. In addition, the HCP’s gray and white
matter parcellations (“wmparc”) of each subject’s brain struc-
tural scans were used to define the anatomical seed region
(pericalcarine cortex) for seed-voxel correlation analyses (see
below).

Pipelines

The following preprocessing steps were carried out using IDL
(ITT Visual Information Solutions, Boulder, CO). Four pipelines
were used for ALFF and 8 for IFCD (Fig. 1A). Six out of the 12
pipelines included global signal regression. All pipelines
included a step to minimize motion related fluctuations in MRI
signals, which was based on multilinear regression and the
time-varying realignment parameters (Tomasi and Volkow

A
426 HCP subjects; Tasks: SOCIAL & RELATIONAL
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Figure 1. Pipelines and ROIs. (A) Local functional connectivity density (IFCD),
and amplitude of low-frequency fluctuations (ALFF) maps with 2-mm isotropic
resolution were computed for 426 subjects from the HCP 500 data release (see
text). GSR: global signal regression; TSR: task signal regression. LT and HT: low
(<0.4) and high (<0.6) correlation thresholds. (B) Nine regions-of-interest (ROIs)
were defined as intersections between the anatomical partitions in the AAL
atlas and the group-level fMRI activation patterns for the Relational task, thre-
sholded at t-score = 20. IL and rL: left and right lingual gyri; IIO and r1O: left and
right inferior occipital gyri; IFF and rFF: left and right fusiform gyri; rSP: right
superior parietal cortex; rSMA: right supplementary motor area; and rCal: right
pericalcarine cortex.

2010). The IFCD included low-pass filtering (0.10 Hz frequency
cutoff) to attenuate physiologic noise of high-frequency compo-
nents (Cordes et al. 2001), which was not necessary for ALFF.

Task signal regression (TSR) was used in 6 of the pipelines
to assess the effect of task-related BOLD signal changes. Note
that the HCP 500 Subjects data release includes the onset and
duration of the tasks epochs for each of the fMRI task and runs
(LR and RL), which were used to regress out task-related BOLD
signal changes as previously proposed (Whitfield-Gabrieli and
Nieto-Castanon 2012; Di et al. 2015). Specifically, we assumed a
“boxcar” design (i.e., a constant level of neural activity during
the epochs) defined by the onsets and durations of the task
epochs, independently for each condition (“social”/“random”;
“relation”/“match”). To obtain task regressors, the boxcar time
courses were convolved with a canonical hemodynamic response
function (HRF) based on the sum of 2 gamma probability density
functions, computed using the Matlab (MathWorks, Inc., Natick,
MA) script spm_volterram from SPM12 (Wellcome Trust Center
for Neuroimaging, London, UK). Like in standard approaches used
to remove motion and global nuisances, multilinear regres-
sion was used to regress out the signal modulation induced
by the fMRI tasks. Specifically, linear regression was used to
fit a multilinear model for the zero-mean signal time course
at a voxel location r, S(r,t), with the task regressors R;i(r,t) as
the independent variables:

2

S, t) = Y AR, O) + £(x, 1), @
i=1

where f; are the adjustable model parameters (slopes) and &(r,t)

is the residual or “task-filtered” time course. In addition, we

implemented a control condition for the “task-filtered” metrics

in which the TSR regressors were delayed 0-20s (A) using a uni-

form random number generator,

2
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where g; # ;" and &(r,t) # £(r,t).

IFCD

The IFCD was computed as the number of elements in the local
FC cluster using a “growing” algorithm written in IDL (Tomasi
and Volkow 2010). The Pearson correlation was used to assess
the strength of the FC, R;;, between voxels i and j in the brain,
and a correlation threshold was selected to ensure significant
correlations between time-varying signal fluctuations are cor-
rected at Prwg < 1E-06. A voxel (xj) was added to the list of vox-
els functionally connected with x, only if it was adjacent to a
voxel that was linked to xo by a continuous path of functionally
connected voxels and Ry; > 0.4 (LT) or > 0.6 (HT). This calcula-
tion was repeated for all brain voxels that were adjacent to
those that belonged to the list of voxels functionally connected
to Xp in an iterative manner until no new voxels could be added
to the list. Note that IFCD was evaluated in the whole brain
without any masking procedure (number of voxels > 2E+05).
Lastly, the logarithm of IFCD was computed to normalize its
distribution across subjects. Thus, 8 pipelines mapped IFCD
(with/without GSR; with/without TSR; LT/HT).

ALFF
The fast Fourier transform was used to compute ALFF as the
average of the power spectrum’s square root in the 0.01-0.10 Hz
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frequency bandwidth (Yang et al. 2007). Four pipelines were
used to map ALFF (with/without GSR; with/without TSR).

fMRI Activation

The HCP 500 Subjects data release includes precomputed
subject-level analyses (fixed effects) in volume space combin-
ing the 2 runs (LR and RL) for each task. These contrasts were
used to assess brain activation at the group-level in this work.
Specifically, the estimated fMRI contrasts with 4mm spatial
smoothing were considered individually as well as averaged to
map the overall BOLD signal changes, independently for each
task and subject. One-sample t-test and paired t-test, carried
with the statistical parametric mapping package SPM12, were
used to assess the statistical significance of task-related BOLD
signal changes across subjects, independently for each task.
Stringent statistical criteria for multiple comparison corrections
based on the random field theory and familywise (FWE) rate at
the Prwe < 0.05 at the voxel-level and a minimum cluster size of
100 voxels were used (Eklund et al. 2016).

Region-of-Interest Analyses

To assess the association between connectivity changes and
BOLD changes induced by the tasks we used the following
anatomical-functional ROI approach based on the Automated
Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al. 2002)
and the fMRI activation patterns. Using IDL, the ROIs were
defined as the intersections between the anatomical partitions
in the AAL atlas and the group-level statistical t-score maps of
fMRI activation, thresholded at t-score = 20 (Cohen’s d ~ 2) that
had volumes larger than 20 voxels (160 uL). Due to the nature of
the brain activation patterns most ROIs were located in occipi-
tal visual areas. For the sake of clarity and simplicity here we
focus on 9 ROIs that were strongly activated by both the Social
and the Relational tasks: left and right lingual (IL and rL), infe-
rior occipital (IO and rIO), and fusiform (IFF and rFF) gyri, right
supplementary motor area (rSMA), superior parietal (rSP) and
pericalcarine (rCal) cortices. Figure 1B and Supplementary
Figure S1 highlight the ROIs. In addition, we used the functional
partitions of cerebral cortex in the Gordon Atlas which fit
known network structures (Gordon et al. 2016) to assess the
statistical distribution of task-related BOLD and IFCD changes
in 10 major networks: the cingulum-operculum (CON), auditory
(AUN), default-mode (DMN), dorsal (DAN) and ventral (VAN)
attention, visual (VIN), hand (SMH) and mouth (SMM) sensori-
motor, frontoparietal (FPN), and retrosplenial-temporal (RTN)
networks. The connectivity metrics and the BOLD signal
changes induced by the tasks were averaged within these ROIs.

Statistical Analyses

The connectivity metrics were spatially smoothed using a 4 mm
gaussian kernel using fslmath to match the spatial smoothing of
the fMRI activation maps. Then we used paired t-test to assess
the statistical significance of task-related changes in connectivity
between sessions and linear regression to assess their association
with the BOLD signals elicited by the tasks. SPM12 was used for
these purposes. Statistical significance was set by a Prpywe < 0.05,
cluster-level corrected for multiple comparisons using the ran-
dom field theory and a familywise error correction with a cluster-
defining threshold P < 0.001 and a minimum cluster size of 200
voxels, following current standards (Eklund et al. 2016).
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Results
Behavior

The average framewise displacement (Power et al. 2012), FD,
during the fMRI task did not differ significantly between the
Social (FD = 0.16 + 0.07mm) and Relational (FD = 0.17 +
0.08 mm) tasks or between group 1 and group 2 (P > 0.11; Fig.
S2A). Accuracy was lower and reaction time higher for the

Relational than for the Social task (P < 1E-58).

fMRI Activation

The Relational task predominantly activated visual, parietal,
and prefrontal regions (Fig. 2A). In all ROIs, the %BOLD signal
changes induced by the task fitted a normal distribution across
subjects (average skewness = 1.6 and kurtosis = 2.6 across ROIs;
Fig. 2B). The %BOLD signals were strongest in the pericalcarine
cortex (Fig. 2C). Similar results emerged for the Social task (Figs
S3 and S4) and were highly reproducible across groups (Fig. 2D
and Fig. S5). For the Relational task, the mean and the standard
deviation of the %BOLD signals were correlated across ROISs,
such that ROIs with higher mean also have higher standard
deviation (R = 0.82; P = 0.007, 2-tailed); for the Social task,
however, the correlation between the mean and the standard
deviation was not significant (R = 0.54, P = 0.13). The tasks
also deactivated the default-mode network. However, since
the origin of the negative BOLD responses is still controver-
sial (Tomasi et al. 2006; Singh and Fawcett 2008; Klingner
et al. 2010; Walter et al. 2016), the study of the association
between connectivity and BOLD signals within deactivated
regions is far more complex and not within the scope of this
study.

IFCD

The IFCD patterns fitted tightly the cortical gray matter pat-
terns in all subjects, both without and with TSR. As expected,
the TSR approach attenuated task-related modulations in the
BOLD signal time courses in all subjects (Fig. 3A,B; see also
Fig. S6 for similar attenuations for the Relational task), which
decreased the strength of the IFCD. The average IFCD across
subjects was highly symmetrical in the left and right brain
hemispheres, with or without TSR (i.e., with or without task-
related BOLD signal modulation, respectively; Figs 4A and S7A).
It was higher in occipital, superior, inferior, and posterior (pre-
cuneus and angular gyrus) parietal cortices (IFCD > 3; Fig. 4A)
than in other brain regions. The average IFCD across ROIs had
an approximately normal distribution, both (average skewness =
0.7 and kurtosis = 0.4 across ROIs) with and without (“task-filtered”;
skewness = 4.0; kurtosis = 0.9) task-related BOLD signals (Figs 4B
and S7B). The average IFCD showed higher strength for task than
for task-filtered conditions. Similar results were obtained for each
of the ROIs (Fig. 4C) as well as for the Social task (Fig. S7C), showing
consistent effects of task performance on IFCD across ROIs, and for
groups 1 and 2 (Figs 4D and S7D), demonstrating reproducibility for
the effect of TSR across groups of subjects and across fMRI tasks.
IFCD values computed with or without TSR were highly correlated
across ROIs, such that ROIs with higher mean IFCD without TSR
also had higher mean IFCD with TSR (Relational: R = 0.91; P = 7E-
04; Social: R = 0.96; P = 4E-05).

During the Relational task, the task-related increases,
AIFCD, mapped as the difference in IFCD between “task” and
“task-filtered” conditions, had normal distribution (average
skewness = 0.9 and kurtosis = 0.8), were statistically significant
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Figure 2. fMRI activation. (A) Statistical significance of the average BOLD signal changes induced by the “relation” and “match” epochs of the Relational task across
426 subjects of the HCP, superimposed on medial (M) and lateral (L) views of the left cortical hemisphere of the population-average Landmark- and Surface-based
(PALS-B12) atlas of the cerebral cortex (Van Essen 2005). (B) Probability distribution of task-related %BOLD signal changes across subjects, averaged across ROIs (gray
histogram) and the corresponding normal distribution (red curve). (C) Boxplot showing the average %BOLD signal change for each subject within each ROL (D) Violin
plot showing the reproducibility of the average %BOLD signal changes in groups 1 (N = 213) and 2 (N = 213). The rug plot visualization (C and D) supplement the 2d dis-
plays with 1d marginal distributions. IL and rL: left and right lingual gyri; 110 and rIO: left and right inferior occipital gyri; IFF and rFF: left and right fusiform gyri; rSP:
right superior parietal cortex; rSMA: right supplementary motor area; and rCal: right pericalcarine cortex.
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Figure 3. Individual effect of task signal regression (TSR) on IFCD. Left: Exemplary single-subject %BOLD signal time courses without (A) and with (B) TSR for 4 adjacent
voxels (black, red, green, and blue waves and cubes) in the middle temporal gyrus (black arrow in E) for the Social task. Right: Corresponding IFCD without (C) and
with (D) the task-related IFCD-increases (E) superimposed on an axial view of the T1-weighted MRI structure of the subject’s brain. The vertical gray patterns highlight
the regressors corresponding to the onsets and durations of “social” and “random” epochs. The correlations between the signal time course at (54, 54, 6) mm (black
wave) and those in adjacent voxels (r; red, green and blue labels) decrease with TSR, compared to without TSR, reflecting the attenuation of task-related modulations in the

amplitude of the BOLD signal (A) with TSR (B).

(Prwe < 0.05) in most brain areas that showed significant fMRI
activation (Fig. 4E), were reproducible across groups and paral-
leled the distribution of BOLD responses across functional net-
works (Fig. 4F). Similar results emerged for the Social task (Figs
S8 and S9). Likewise, for the task-related BOLD signal and for
the AIFCD the mean and the standard deviation were highly
correlated across ROIs, such that ROIs with higher mean also
had a higher standard deviation (Relational: R = 0.98; P < 5E-06;
Social: R = 0.82; P < 0.007).

Association Between IFCD and BOLD

Without TSR, IFCD showed strong correlations with BOLD sig-
nals elicited by the Relational task in most brain regions that
demonstrated significant activation (Fig. 5A-C). With TSR, how-
ever, IFCD showed weaker correlations with BOLD signals

elicited by the Relational task in all ROIs (P < 1E-04), and in
most brain regions that demonstrated significant activation.
Differently, random TSR did not decrease significantly the associa-
tion between I[FCD and BOLD signals for the Relational task.
Similar results emerged for the Social task (Fig. S10).

Correlation Threshold and GSR

Whereas the association between task-related BOLD signal
changes and IFCD computed with GSR was significant in all
ROIs (Fig. 5D-F; P < 3E-05), GSR significantly reduced the associ-
ation with BOLD, compared to no-GSR, in all ROIs (P < 0.008, 2-
tailed). Differently, the association between task-related BOLD
signal changes and IFCD did not differ significantly as a func-
tion of correlation thresholds in any ROI (Fig. 5E,F).
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Figure 4. Effects of the relational task on IFCD. (A) Average IFCD distributions across 426 subjects for the Relational task, with (task) and without (task-filtered) TSR,
superimposed on medial and lateral views of the left cortical hemisphere of the PALS-B12 atlas of the cerebral cortex. (B) Probability distributions of IFCD across sub-
jects without (task) and with (task-filtered) TSR, averaged across ROIs (gray histograms) and the normal distributions (red curves) corresponding to their average.
Violin plots showing the average IFCD for each ROI (C) and group (D) with and without TSR. (E) Statistical significance of task-related changes in IFCD (i.e., from “task”
to “task-filtered” conditions), AIFCD, across 426 subjects for the Relational task. (F) Violin plot showing the average BOLD and AIFCD for each functional network.
Anatomical parcels: IL and rL: left and right lingual gyri; IIO and rIO: left and right inferior occipital gyri; IFF and rFF: left and right fusiform gyri; rSP: right superior
parietal cortex; rSMA: right supplementary motor area; and rCal: right pericalcarine cortex. Functional networks: cingulum-operculum (CON), auditory (AUN), default-
mode (DMN), dorsal (DAN) and ventral (VAN) attention, visual (VIN), hand (SMH) and mouth (SMM) sensorimotor, frontoparietal (FPN), and retrosplenial-temporal

(RTN).

ALFF Versus BOLD

During the Relational task, the task-related increases in ALFF
(AALFF) were reproducible, strong and statistically significant
in the whole brain, without and with GSR (Fig. S11). The linear
associations with BOLD were weak for ALFF (Fig. 6) and strong

for AALFF in all ROIs (Fig. S11), and random TSR did not change
significantly the association between ALFF and BOLD signals
(not shown). Like for IFCD, AALFF had normal distributions
across subjects in all ROIs (Fig. S12). Similar results emerged for
the Social task (not shown).
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Figure 5. BOLD-IFCD correlation. (A) Voxelwise correlation across 426 subjects between IFCD and the BOLD signal during the Relational task, superimposed on medial
and lateral views of the left cortical hemisphere of the PALS-B12 atlas of the cerebral cortex. (B) Scatter plots showing a stronger linear association between IFCD and
BOLD signals (% change) in the right pericalcarine cortex (rCal) for task (without TSR, R = 0.64; random TSR, R = 0.56) than for “task-filtered” (with TSR; R = 0.20) condi-
tions. (C) Similar results were obtained for all ROIs. Voxelwise correlation maps across 426 subjects between the BOLD signal and IFCD computed with global signal
regression (D) and with the high correlation threshold (E) for the Relational Task. (F) Bar plot showing that for all ROIs the correlation between IFCD and BOLD signals
were similar for low (LT) and high (HT) correlation thresholds, and lower for IFCD computed with GSR compared to those without GSR. Black dashed line: P < 0.05, cor-
rected for 9 ROIs (Bonferroni), 2-tailed. IL and rL: left and right lingual gyri; IIO and rIO: left and right inferior occipital gyri; IFF and rFF: left and right fusiform gyri; rSP:
right superior parietal cortex; and rSMA: right supplementary motor area. Similar results were obtained for the Social task (not shown).

IFCD Versus ALFF

For the Relational (Fig. 7) and Social (not shown) tasks and for
all ROIs, AALFF was linearly associated with AIFCD, and ALFF
was associated with IFCD in the task-filtered condition.

BOLD Activation, Connectivity, and Behavior

Head motion (FD) showed significant correlation with the %
BOLD signal change elicited by the tasks and all connectivity
metrics in the pericalcarine cortex, effects that were strongest
for ALFF (Figs S13 and S14). During the Relational task, FD
showed strong correlation with ALFF (R = 0.59) and weak

correlation with BOLD (R = —0.18) in the pericalcarine cortex (P
< 1E-04); the negative association between FD and IFCD (R =
—0.12) did not reach significance after corrections for multiple
comparisons (P = 0.013). During the Social task, FD showed
strong correlation with ALFF (R = 0.46) and weak correlation
with IFCD (R = -0.16) in the pericalcarine cortex. Accuracy dur-
ing the Relational task showed significant correlation with the
%BOLD signal change elicited by the task and with all connec-
tivity metrics in the pericalcarine cortex (0.14 < abs(R) < 0.30, P
< 0.05, Bonferroni corrected for 12 comparisons, that is, 4 func-
tional metrics x 3 behavioral metrics). With TSR, there was no
significant correlation between accuracy during the Relational
task and IFCD (R = —0.04); however, those for ALFF remained
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Figure 6. BOLD-ALFF correlation. Correlations between task-related changes in
the BOLD signal with changes in ALFF, superimposed on medial and lateral
views of the left cortical hemisphere of the PALS-B12 atlas of the cerebral cortex
for the Relational (A) and Social (B) tasks. Bar plots show weaker correlations
with BOLD signals for ALFF than for IFCD across tasks and ROIs. Black dashed
line: P < 0.05, corrected for 9 ROIs (Bonferroni), 2-tailed. IL and rL: left and right
lingual gyri; 110 and rIO: left and right inferior occipital gyri; IFF and rFF: left and
right fusiform gyri; rSP: right superior parietal cortex; and rSMA: right supple-
mentary motor area. Sample: 426 subjects.

significant with TSR (IRl > 0.16; Fig. S15). During the Social task,
accuracy did not show significant correlation with any of the
functional metrics, which might have reflected a performance
ceiling effect for this task. Reaction time did not show correla-
tion with any of the functional metrics for neither of the tasks.

Relational and Social Contrasts

In order to assess the effects of an individual epoch on IFCD we
regressed out the effect of the other epoch on the time series
using the TSR approach and computed IFCD from residual time
series. During the Relational task, “relation” epochs caused
increased IFCD bilaterally in occipital, inferior parietal, frontal
and orbitofrontal and inferior temporal cortices, insula end cer-
ebellum, compared to “match” epochs (Figs 8, S16; Table S1;
Prwe < 1E-04). Similar regions demonstrated increased BOLD-
fMRI activation for “relation” epochs compared to “match”
epochs (Table S2). In the somatosensory cortex, superior tem-
poral gyrus, and occipitoparietal junction, however, “match”
epochs caused stronger activation than “relation” epochs,
which was not highlighted by IFCD. During the Social task,
“social” epochs caused increased IFCD bilaterally in cuneus,
inferior and middle occipital and temporal, and inferior frontal

cortices, and increased BOLD-fMRI activation in cerebellum,
amygdala, fusiform, inferior occipital and frontal, and inferior
and middle temporal gyri, compared to the “random” condition
(Fig. S17; Tables S3 and S4; Prwe < 1E-04). In the premotor cor-
tex, cingulum, dorsolateral prefrontal, posterior parietal, and
medial occipital regions, “random” epochs caused stronger
BOLD signals than “social” epochs (Figs S15) which was not
highlighted by IFCD. These differential effects between epochs
of the Relational and Social tasks were highly reproducible
across groups (Figs S16 and S17).

Discussion

The neurovascular origin for the FC metrics derived from fMRI
is still controversial (Birn et al. 2006; Shmueli et al. 2007,
Shmuel and Leopold 2008; Logothetis et al. 2009; Magri et al.
2012; Di et al. 2013; Scholvinck et al. 2010; Power et al. 2012; Van
Dijk et al. 2012). By systematically comparing the BOLD activa-
tion responses to tasks with the corresponding changes in con-
nectivity metrics, and assuming the neurovascular origin of the
BOLD signal (Logothetis et al. 2001), we provide indirect evi-
dence for the neurovascular origin for ALFF and IFCD.
Specifically, a robust correlation between BOLD signal elicited
by the tasks and IFCD emerged from 2 different fMRI tasks and
a large group of subjects from the HCP 500 Subjects data
release. This is consistent with preclinical studies documenting
correlations between spontaneous BOLD activity and neuronal
activity as measured with local field potentials (Shmuel and
Leopold 2008; Schélvinck et al. 2010; Magri et al. 2012). It is also
consistent with human studies showing a correlation between
measures of FC and cerebral blood flow (Liang et al. 2013) and
regional brain glucose metabolism (Tomasi et al. 2013), which
serve as markers of brain function (Sokoloff et al. 1977; Ugurbil
2016). Along with prior studies, our findings provide evidence
that “resting-state” connectivity metrics such as IFCD reflect
neurovascular activity presumably originated by fluctuations in
neuronal activity (Du et al. 2014).

Despite evidence that connectivity metrics such as IFCD or
ALFF are sensitive to brain states (Tomasi et al. 2014) and dis-
ease pathology (Tomasi and Volkow 2012a, 2014), they could
also be influenced by regional differences in vascularization
(Logothetis et al. 2009) and therefore reflect correlations driven
by regional vascular structures devoid of functional meaning.
The strong correlation between the BOLD signals elicited by the
tasks and the IFCD is the main finding of the present study. Our
results are consistent with the local connectivity increases
observed in activated regions during a continuous semantic
classification task compared to a resting-state condition
(Sepulcre et al. 2010). The present study quantifies the coupling
between the BOLD response and IFCD and ALFF during 2 differ-
ent tasks (Relational and Social) using a novel TSR approach that
allowed us to study effects of task epochs on local brain syn-
chrony. The significant attenuation of the correlation between
IFCD and BOLD after the removal of task-related signal modula-
tions (i.e., TSR) indicates that IFCD reflects bulk (task-related)
BOLD changes, likely of neurovascular origin. Mechanistically,
fMRI task performance enhanced the synchrony of the local
fMRI signals, increasing IFCD and ALFF in activated regions.
Whereas the blocked nature of the tasks may have facilitated
the analysis of task-related modulations, the proposed TSR
approach should be applicable to event-related fMRI para-
digms. Note similar approaches have been used to study FC in
task conditions (Fair et al. 2007; Di et al. 2015). Since both tasks
paradigms had significant power within the band of interest of
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Figure 7. [FCD-ALFF correlation. Point plots (left) showing the linear association between IFCD and ALFF for task (no TSR) and task-filtered (TSR) conditions, as well as
between task-related changes in IFCD and ALFF. Bar plots (right) show stronger correlations for task-related changes (red) than for task (green) and task-filtered (blue)
conditions in all ROIs. Relational task; IL and rL: left and right lingual gyri; II0 and rIO: left and right inferior occipital gyri; IFF and rFF: left and right fusiform gyri; rSP:
right superior parietal cortex; and rSMA: right supplementary motor area. Sample: 426 subjects.
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Figure 8. Differential effects of “relation” and “match” epochs on IFCD and BOLD. Statistical significance of differential IFCD (A) and differential BOLD signals (B)
between the “relation” and “match” epochs of the Relational task across subjects, superimposed on medial and lateral views of the left cortical hemisphere of the
PALS-B12 atlas of the cerebral cortex. The boxplots on the left highlight the average IFCD (C) and BOLD signals (D) within an exemplary anatomical ROI (rSMA: right
supplementary motor area) for “relation” and “match” epochs of the Relational task across 426 subjects. SPM12 paired t-test.

match relation

low-frequency fluctuations, we expected that reducing the Brain activation to the Relational task showed significant
in-band power of intrinsically correlated signals would change correlation across subjects with the IFCD computed after TSR.
the results in activated regions. Indeed, the task-filtering approach This is consistent with the linear association across ROIs
reduced IFCD and its correlation with BOLD signals in activated between IFCD metrics computed with or without TSR, and with
areas. the correlation across subjects between task-related IFCD
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changes and BOLD responses. This indicates that in the
absence of modulations induced by task performance, IFCD
predicts BOLD activation patterns as was recently shown for
other FC metrics (Tavor et al. 2016; Chan et al. 2017). This is
consistent with the notion that regions with high FC are more
likely to activate during cognitive tasks (Bertolero et al. 2015).

Here we show linear associations between ALFF and IFCD
during task-filtered conditions (with TSR), and between AALFF
and AIFCD, which are consistent with the correlations between
ALFF and IFCD that we previously documented for the resting-
state (Tomasi et al. 2016b). The weaker association between the
metrics without TSR suggests that ALFF and IFCD map different
functional properties. Specifically, since ALFF has strong vascu-
lar characteristics (Di et al. 2013) it is possible that in absence of
filtering (TSR) the task-related modulations in MRI signals aris-
ing from large draining/pial veins have stronger effect for ALFF
than for IFCD. Fractional ALFF (fALFF) was proposed as a less
sensitive metric to physiologic noise (Zou et al. 2008). The
degree to which our findings for ALFF are applicable to fALFF is
uncertain. However, previous fMRI studies with the stop signal
task did not show associations between brain activation and
task-filtered fALFF (Zhang and Li 2010).

We also show that GSR significantly reduced the association
between BOLD and IFCD, compared to no-GSR. Thus, attempts to
reduce noise by GSR might have caused attenuation of meaning-
ful neurophysiological signals. The relative proportion of neuro-
physiological signals and noise in the whole-brain fMRI signal is
unknown (Liu 2013). At rest as well as during controlled manipu-
lation of the end-tidal partial pressure of carbon dioxide (PCO2),
the whole-brain signal is associated with the temporal variability
in PCO2 (Corfield et al. 2001; Wise et al. 2004). Thus regression of
the whole-brain signal could provide a relatively simple approach
to minimize the effects of PCO2 variation, which is a predominant
source of physiological noise in the BOLD signal (Wise et al. 2004;
Chang and Glover 2009). However, the use of GSR has been con-
troversial during the last 20 years because the contribution to the
whole-brain signal from the activation of multiple coherent net-
works is unknown (Aguirre et al. 1998). Our results are consis-
tent with previous fMRI studies, which noted that regression
of the whole-brain signal can lead to different results, reduce
sensitivity, and cause spurious deactivations for tasks that
activate large whole brain networks (Aguirre et al. 1997, 1998,
Desjardins et al. 2001). Previous studies evaluated the impact
of GSR on local connectivity (Saad et al. 2012), and the neuro-
physiological origin of the resting-state global signal
(Scholvinck et al. 2010). A recent study in nonhuman primates
showed that reversible inactivation of the nucleus basalis of
Maynert reduced the resting-state global signal but it did not
affect the architecture of resting-state functional networks (Turchi
et al. 2018). The reductions in task-based connectivity after GSR in
the present study reflect attenuation of large task-induced BOLD
signals and do not address potential effects of GSR on resting-
state FC.

Accuracy showed significant correlation with %BOLD signal
change elicited by the Relational task and with the changes in
the connectivity metrics obtained during the task, which is
consistent with prior findings showing associations between
resting FC and accuracy (King et al. 2015; Chong et al. 2017).
After BOLD signal modulation removal (i.e., TSR), the correlations
between accuracy and IFCD vanished, whereas those for ALFF
remained significant. Since both BOLD and IFCD showed correla-
tion with accuracy during task but not after TSR, the task-related
BOLD signal modulations could be the predominant mechanism
supporting the associations between accuracy and IFCD. Since the

correlations with accuracy for ALFF were not significantly affected
by TSR, its association with accuracy could reflect other mecha-
nisms. Specifically, ALFF might reflect a fundamental property of
the neuronal organization that modulates function (and hence
task performance), which is consistent with prior studies showing
an association between resting FC and BOLD activation responses
to various types of tasks (Di et al. 2013; Chan et al. 2017).
However, the fact that there were no associations between con-
nectivity metrics and accuracy for the Social task suggests that
their sensitivity to accuracy is tasks-specific. For the Social task,
this association could also occur in subcortical regions for which
the HCP functional images have low sensitivity (Anteraper et al.
2013).

This is the first study to show differential effects of TSR
across connectivity metrics. Specifically, TSR decreased ALFF in
the whole brain and attenuated IFCD in activated brain regions.
We observed these effects robustly at multiple levels (i.e., indi-
vidual subject, groups of subjects, different tasks). They were
normally distributed across subjects in all brain regions, sup-
porting the use of parametric statistics.

Despite the effort to remove subjects with excessive head
motion (i.e., subjects with FD > 0.4 mm), head motion showed
significant correlation with the %BOLD signal change elicited by
the tasks as well as all connectivity metrics, but predominantly
with ALFF. These findings support the concerns in the neuro-
imaging community regarding the impact of head motion on
FC metrics (Power et al. 2015) but show that after correction
these effects are similar (except for ALFF) to those from BOLD-
fMRI activation patterns.

Using TSR we also assessed the effects of individual epochs
on IFCD, an approach that is reminiscent of psychophysiologi-
cal interactions (PPI) (Friston et al. 1997). For IFCD, the differen-
tial patterns between conditions (i.e., “relation” versus “match”;
“social” vs. “random”) mapped to a large extent into the corre-
sponding regional brain activation patterns, which in turn were
in overall agreement with those previously reported for the
Relational and Social tasks used by the HCP (Barch et al. 2013).
Specifically, the network activated by the “relation” > “match”
contrast included the visual attention network (visual, parietal,
and dorsolateral prefrontal cortices and the cerebellum), which
are involved in cognitive performance, and BA 10, which is
involved with relational processing (Green et al. 2006) and
hence expected to show increased activation for “relation” than
for “match” epochs (Smith et al. 2007). The “social” > “random”
contrast engaged brain regions involved in biological motion
(superior temporal), biological form (fusiform), mentalizing
(prefrontal cortex), affective processing (insula and amygdala),
and the mirror system (inferior-frontal cortex) involved in the
understanding of others (Wheatley et al. 2007). The emergence
of these networks from the combination of IFCD and TSR fur-
ther supports the neurovascular origin of the IFCD and makes it
possible to study the effects of task conditions on local func-
tional synchrony of the brain at a macroscopic scale (the size of
the MRI voxel). Observationally, one can also identify regions in
which the differential IFCD and BOLD patterns did not agree
with one another. Specifically, during the Relational task, IFCD
did not show effects paralleling those of increased BOLD
responses in somatosensory, temporal and occipital cortices
for “match” compared to “relation” epochs. Similarly, during
the Social task, IFCD did not show effects paralleling the
increased BOLD responses in the right middle temporal gyrus
for “social” compared to “random” epochs, and in premotor
cortex, cingulum, dorsolateral prefrontal, posterior parietal and
medial occipital regions for “random” compared to “social”
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epochs. The origin of these differences is unclear but could
reflect differential sensitivity to vascular effects between the
IFCD and BOLD metrics.

The IFCD is a voxelwise (short-range) metric that can be
computed a thousand times faster than similar (long-range)
degree maps. To achieve ultrafast computation, IFCD computa-
tion is based on a growing algorithm that relies on a correlation
threshold. Higher correlation threshold leads to faster compu-
tation and IFCD maps with lower dynamic range. Here we show
that the association between task-related BOLD signal changes
and IFCD did not differ significantly as a function of correlation
thresholds (R = 0.4 or 0.6) in any ROI This is consistent with
prior studies showing the insensitivity of the IFCD results to
variable thresholds (Tomasi et al. 2016a; Cohen et al. 2017), and
suggests that our findings do not depend on the arbitrary selec-
tion of model parameters. The weaker correlation with the
task-related BOLD signals for ALFF than for IFCD suggests a
stronger influence of origins other than the neurovascular cou-
pling for the task-related changes in ALFF (i.e., head motion).
However, given the vascular nature of ALFF (Di et al. 2013), the
task-related changes in ALFF could also reflect vascular effects
from pial/draining veins.

Study Limitations

We studied the association between neuronal activity and FC
only in a phenomenological way through correlations between
BOLD response and connectivity metrics (i.e.,, “validation
through BOLD”) because studies on direct associations between
neuronal activity and FC would have required invasive electro-
physiology. The use of fMRI data for extracting functional brain
networks is a practice that is increasingly expanding (Fornito
et al. 2012; Sporns 2014). However, the utterly complex and
unknown functional organization of the brain, and the sparsity
of neural representations may limit the interpretation of the
observed differences between tasks within the same region
(Logothetis 2008).

In summary, our findings indicate a common source for
BOLD responses, ALFF and IFCD in the human brain, which is
consistent with the neurovascular origin of FC metrics. Our
data also provides support for network models of task-evoked
FC.
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