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Abstract

Neuronal activation sequence information is essential for understanding brain functions.
Extracting such timing information from blood oxygenation level dependent (BOLD) fMRI is
confounded by interregional neurovascular differences and poorly understood relations between
BOLD and electrophysiological response delays. Here, we recorded whole-head BOLD fMRI at
100 ms resolution and magnetoencephalography (MEG) during a visuomotor reaction-time task.
Both methods detected the same activation sequence across five regions, from visual towards
motor cortices, with linearly correlated interregional BOLD and MEG response delays. The
smallest significant interregional BOLD delay was 100 ms; all delays =400 ms were significant.
Switching the order of external events reversed the sequence of BOLD activations, indicating that
interregional neurovascular differences did not confound the results. This may open new avenues
for using fMRI to follow rapid activation sequences in the brain.
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Introduction

Discerning the interregional order of neuronal activations is indispensable for understanding
how the brain works. Unfortunately, following activation sequences throughout the brain is
complicated by the fact that different imaging technologies offer compromises between
spatial and temporal resolution. Functional MRI (fMRI) of the human brain (Belliveau et al.,
1991) with blood oxygenation level dependent (BOLD) contrast (Kwong et al., 1992;
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Ogawa et al., 1992) has millimeter spatial resolution (Menon and Kim, 1999), but can only
detect slow vascular responses that lag the underlying neuronal events by seconds
(Logothetis et al., 2001). Moreover, BOLD signals may show strong voxel-to-voxel latency
variability at individual level data (Lee et al., 1995). fMRI has thus been believed to be
excellent for spatial localization but unsuitable for studying fast, dynamic spread of neuronal
activations across brain areas. On the other hand, temporally precise electrophysiological
methods such as magneto- and electroencephalography (MEG/EEG) that record neuronal
activity directly suffer from uncertainties in source localization and are mainly sensitive to
generators in superficial brain areas (Hamalainen et al., 1993).

Owing to high spatial resolution of fMRI and excellent temporal resolution of MEG/EEG,
integration of data across modalities might allow spatiotemporally accurate brain imaging
(for a recent review, see (Rosa et al., 2010)). Physiological support to such attempts comes
from studies indicating tight coupling between neuronal and vascular events in the
somatosensory system of rodents (Devor et al., 2003; Devor et al., 2005) and human visual
system (Sharon et al., 2007). Thus, fMRI, a vascular marker of neuronal events, could be
used as a physiological constraint to reduce the spatial ambiguity in the source localization
inverse problem of MEG/EEG. For example, the equivalent current dipole (ECD) fitting
method in MEG/EEG source localization can be informed by fMRI (Ahlfors et al., 1999;
George et al., 1995; Vanni et al., 2004). The statistical maps derived from fMRI data can
also be used as a spatial prior for the distributed source reconstruction (Dale et al., 2000; Liu
etal., 1998; Liu et al., 2002). A further study using simulations demonstrated the advantage
of combined fMRI and EEG for a higher efficiency of cortical current density estimation at
different SNR with the presence of both fMRI visible and fMRI invisible sources (Babiloni
et al., 2003). It has also been shown that integrating fMRI and MEG can improve the
localization of cortical sources of MEG oscillatory activity (Lin et al., 2004).

Yet, some aspects of BOLD signals may surprisingly accurately reflect neuronal timing. For
example, animal studies have shown that sequential neuronal activations can modulate the
fMRI signal amplitude at a time scale of tens of milliseconds (Ogawa et al., 2000).
Furthermore, event-related fMRI (Dale and Buckner, 1997; Rosen et al., 1998) studies have
suggested that the durations of the BOLD response in motor planning areas correlate with
behavioral reaction times (Menon et al., 1998; Richter et al., 2000), that onsets and durations
of BOLD responses can be used to infer the functional roles of different language-related
brain areas (Bellgowan et al., 2003), and that relative delays between visual hemifield
stimuli correlate with interhemispheric BOLD latency differences (Huettel and McCarthy,
2000; Menon et al., 1998). Timing differences across brain areas have also been reported in
previous event-related BOLD chronometry studies ((Kim and Ogawa, 2002; Rosen et al.,
1998) for reviews), but only when employing tasks with long (~1 — 10 s) reaction times that
inflate the delays between sensory and motor areas (Formisano et al., 2002; Miezin et al.,
2000; Richter et al., 2000; Richter et al., 1997; Sigman et al., 2007) and/or by strongly
limiting spatial coverage to increase sampling frequency (Menon et al., 1998; Richter et al.,
2000). Acknowledging that interregional vasculature differences (both across neighbouring
and more distant voxels) may confound BOLD timing information (Lee et al., 1995; Miezin
et al., 2000), it has not yet been confirmed whether such results reflect genuine neuronal
timing sequences, or rather, interregional neurovascular differences. Moreover, while some
studies have compared generator mechanisms between BOLD signals and local field
potentials (Logothetis et al., 2001), there are no prior reports that examine the interregional
timing between BOLD and magneto- or electroencephalographic (MEG/EEG) responses.
The origins of small (about 100 — 600 ms) interregional delays in BOLD recordings, thus,
have remained a topic of speculation.
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Here, we hypothesize that by using a sufficiently high whole-head sampling frequency,
group-level fMRI hemodynamic responses (HDR) can reveal even very rapid neuronal
activation sequences throughout the brain. To test this hypothesis, we utilize inverse
imaging (Inl) BOLD fMRI, which samples the entire brain with 100-ms temporal resolution
(TR = 100 ms) while offering about 5-mm cortical spatial accuracy (Lin et al., 2010; Lin et
al., 2008). First, to examine the putative confounds that may arise from interregional
differences in vasculature, we measured BOLD timing differences when the order of
external events was reversed (visual—motor vs. motor—visual) and found that the
magnitude of such confounds is, at group level, quite small. Second, supported by both
magnetoencephalographic (MEG) and behavioral reaction time (RT) data, we demonstrate
that BOLD fMRI can provide reasonable temporal estimates of neuronal activation
sequences.

Materials and methods

Subjects, stimuli, and tasks

All subjects were right-handed healthy adults. Written informed consent in accord with the
National Taiwan University Hospital and National Yang Ming University ethical
committees was obtained prior to participation. The study encompassed three experiments: a
main fMRI experiment (n= 21, 6 females, age 22-30 years), a control fMRI experiment (7
=12, 8 females, age 21-28 years), and an MEG experiment (7= 8, 4 females, age 21-30
years).

Visual stimuli in all experiments were left or right hemifield reversing (8 Hz) checkerboard
stimuli presented in random order. Stimulus duration was 500 ms. The stimuli subtended
4.3° of visual angle and contained 24 evenly distributed radial wedges and eight concentric
rings of equal width. The stimuli were presented using Psychtoolbox (Brainard, 1997; Pelli,
1997).

In the main fMRI visual—motor experiment (Fig. 1A), timing of each visual stimulus was
randomized with a uniform distribution of interstimulus intervals (I1Sls) varying from 4 to 16
seconds (mean 10 seconds). The subjects were instructed to press the button with the hand
ipsilateral to the visual stimulus as soon as possible. Thus, the experiment included two
conditions: right visual hemifield — right hand (R) and left visual hemifield — left hand (L).
Twenty-four trials were presented during four 240 s runs, resulting in a total of 96 trials per
subject.

The control fMRI motor—visual experiment (Fig. 1B) was designed to reverse the order of
neuronal activations in the visual and somatomotor cortices. Binaural auditory cues (1 kHz
and 4 kHz sinusoidal waveforms with 200 ms duration) were presented randomly with ISI
varying from 4 to 16 seconds (mean 10 seconds). Subjects were asked to respond with the
left or right hand pushbutton after hearing 200-ms tone pips (1 kHz for left and 4 kHz for
right hand response). Subsequently, a visual checkerboard in the hemifield ipsilateral to the
button press was presented. The latency between the button press and the onset of visual
stimulation was 158 ms for the right and 220 ms for the left hand/hemifield. These latencies,
based on the MEG experiments described below, were chosen such that the absolute
neuronal timing difference between visual and motor cortices would be the same in the
control experiment as in the main experiment (Figure 1). Each run included 24 trials using
left hand to respond and 24 trials using right hand to respond. Four 240 s runs were
collected. To calculate reaction time, only trials with RTs within the mean + 1.5 SD were
included in further analyses.

Neuroimage. Author manuscript; available in PMC 2014 September 01.
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Structural MRI acquisition

All MRI data were measured on a 3T scanner (Tim Trio, Siemens Medical, Erlangen,
Germany) with a 32-channel head coil array. Parameters used to acquire structural MRI
were: repetition time/echo time/inversion time [TR/TE/TI]=2,530/3.49/1,100 ms, flip angle
= 7°, partition thickness = 1.33 mm, image matrix = 256x256, 128 partitions, field-of-view
=21 cmx21 cm. The location of the gray-white matter boundary for each participant was
estimated with an automatic segmentation algorithm to yield a triangulated mesh model with
approximately 340,000 vertices for both hemispheres (Dale et al., 1999; Fischl et al., 2001;
Fischl et al., 1999a). This cortical surface model was then used to facilitate mapping of the
structural image from native anatomical space to a standard cortical surface space (Dale et
al., 1999; Fischl et al., 1999a). Across-subjects averaging was done by morphing individual
data through a spherical surface (Fischl et al., 1999b).

Inverse imaging acquisition and reconstruction

The Inl reference scan (a full gradient encoding scan needed to collect the spatial
information in the coil array for subsequent image reconstruction) was collected using a 3D
segmented (one shot per partition) echo-planar imaging (EPI) readout, after exciting one
thick coronal slab covering the entire brain (FOV 256 mm x 256 mm x 256 mm; 64 x 64 x
64 image matrix) with the flip angle set to the gray matter Ernst angle of 30° (considering
the T ; of the gray matter is 1 second at 3T). Partition phase encoding was used to obtain the
spatial information along the anterior-posterior axis. The EPI readout had frequency
encoding along the superior-inferior and phase encoding along the left-right axis. We used
TR=100 ms, TE=30 ms, bandwidth=2604 Hz/pixel and a 12.8 s total acquisition time for the
reference scan, allowing the coverage of the whole-brain volume with 64 partitions and two
repetitions.

The Inl functional scans used the same volume prescription, TR, TE, flip angle, and
bandwidth as the Inl reference scan. The principal difference was that, to achieve high
temporal resolution, partition phase encoding was removed so that the full volume was
excited, and the spins were spatially encoded by a single-slice EPI trajectory, resulting in a
coronal X/ Zprojection image with spatially collapsed projection along the anterior-posterior
direction. The A-space Inl reconstruction algorithm (Lin et al., 2010) was then used to
estimate the spatial information along the anterior-posterior axis. In each run, we collected
2,400 measurements after discarding the first 32 measurements in order to reach the
longitudinal magnetization equilibrium. A total of 4 runs of data were acquired from each
participant.

Inl reconstruction

Analysis of the Inl data across all RF coil array channels and across all time points consists
of two separate linear processes occurring in both spatial and temporal domains (Lin et al.,
2010; Lin et al., 2008). First, we processed the data in the time domain in order to calculate
the coefficients of the hemodynamic response basis function within each voxel of the
projection image in each coil channel separately. Specifically, we used Finite-Impulse-
Response (FIR) basis function (Burock and Dale, 2000) and General Linear Model (GLM)
to allow a high degree of freedom in characterizing dynamic responses to avoid bias in
estimating the shape of the hemodynamic responses. Confounds of low frequency
oscillations characterized by sinusoidals (<0.01 Hz), linear drift, run-specific DC shift, and
the global mean of each instantaneous measurements were also included in the GLM.
Second, we reconstructed the 3D distribution of the HDR basis function coefficients in the
spatial domain using A-space Inl reconstruction (K-Inl) (Lin et al., 2010), which offers
approximately 5 mm spatial resolution at cortex when Inl data are sampled using a 32-
channel head coil array at 3T. One practical benefit of this order of reconstructing the Inl
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data is that the temporal reconstruction can first reduce the dataset size eight fold (2400
samples per run to 300 samples, the number of our FIR basis function over the duration of
our chosen HDR). K-Inl reconstruction is a generalization of parallel MRI in A-space (Lin et
al., 2010). The missing k-space data were linearly interpolated from other A-space locations
from the ensemble of all channels of the coil array. The interpolation coefficients were
estimated from the Inl reference scan. The K-Inl method produces a coil-by-coil image
reconstruction. The final volumetric reconstruction was calculated as the sum-of-squares
combination of the images from all reconstructed channels in the array. In fMRI, we are
interested in estimating the statistically significant activity spatiotemporally. The noise
levels in the reconstructed images were estimated from the baseline data in the 4-second
window occurring immediately before the onset of the first sensory stimulus (visual stimuli
in the main experiment and auditory stimuli in the control experiment), after K-Inl
reconstruction. Using these noise estimates, dynamic statistical parametric maps (dSPMs)
were derived as the time-point by time-point ratio between the K-Inl reconstruction values
and the baseline noise estimates. dSPMs are #distributed under the null hypothesis of no
hemodynamic response (Dale et al., 2000).

To transform the functional results into individual cortical surface space, the spatial
registration between Inl reference and native space anatomical data was calculated using the
FSL toolbox (http://www.fmrib.ox.ac.uk/fsl), estimating a 12-parameter affine
transformation between the volumetric Inl reference and the MPRAGE anatomical space.
The resulting spatial transformation was subsequently applied to each time point of the
reconstructed K-Inl hemodynamic estimates to spatially transform the signal estimates to a
standard cortical surface space (Dale et al., 1999). Before spatial transformation,
reconstructed K-Inl data were spatially smoothed with a 10 mm full-width-half-maximum
(FWHM) 3D Gaussian kernel. This smoothing kernel was chosen to be 2.5 times the native
image resolution (4 mm in our reference scan). Inter-subject averaging was done by
morphing each individual’s data through a spherical coordinate system (Dale et al., 1999;
Fischl et al., 1999a).

Hemodynamic time course processing

All ROIs were determined by the spatial distribution of the temporally averaged ¢statistics
greater than 10.0 (Bonferroni corrected p-value < 0.05) at 3 — 8 s after the first sensory
stimulus onset (visual stimuli in the main experiment and auditory stimuli in the control
experiment). We used the same criteria in both main and the control experiments for ROI
selection. This interval was chosen a priorito capture the BOLD response positive
maximum. Time courses were extracted and averaged within ROIs for each subject
separately.

For visualization, group-average time courses were linearly scaled such that their maximum
was 1. To quantify timing of the responses, three timing indices were derived after
normalizing the peak amplitudes across ROIs: (i) Onsetwas picked at the first time point
exceeding 2 standard deviations of the noise level estimated from the pre-stimulus baseline;
(it) Time-to-half (TTH)was found at 50% of the peak value; and (iii) Time-to-peak (77P)
was recorded at the maximum of the response. Based on physiological grounds, we
hypothesized a priori that of these three indices, 77+ would offer the most accurate
interregional temporal estimates. Onset, by definition, rises less above noise level than 77H
and 77P, and is therefore more subject to random effects of noise.

To evaluate the variability of the fMRI timing indices within a ROl in group-average data,
we first randomly selected a specific proportion (10 — 90%) of voxels within each ROI and
then calculate the corresponding timing index. This process was repeated 100 times, and we
calculated the corresponding mean + SEM values within each ROI.

Neuroimage. Author manuscript; available in PMC 2014 September 01.
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A separate analysis was done to evaluate the variability of the fMRI timing indices as a
function of the subject in the group-average data. Data from either 1, 2, 4, 8, 12, 16, or 21
subjects were randomly chosen and then the corresponding timing index was calculated.
This procedure was repeated 100 times. We particularly calculated the difference between
visual and somotomotor cortices to investigate if these two areas showing statistically
significant timing difference.

In the MEG experiment, subjects were presented with the exact same stimuli and tasks as in
the main fMRI experiment (Fig. 1A).

MEG acquisition and preprocessing

306-channel MEG (VectorView, Elekta-Neuromag Oy, Helsinki, Finland) was recorded in a
magnetically shielded room (Ahonen et al., 1993; Cohen et al., 2002; Hamalainen et al.,
1993). MEG signals were band-pass filtered at 0.03-200 Hz and digitized at 600 Hz.
Electro-oculogram (EOG) was recorded to monitor eye-movement artifacts. All epochs
exceeding 150 pV or 3000 fT/cm at any EOG or MEG channel, respectively, were
automatically discarded from the offline averages.

MEG source analysis

The co-registration between MEG and MRI coordinates was done by manually registering
three fiducial points (left ear, right ear, nasion) between the MEG and structural MRI data.
MEG source locations were calculated using Minimum-Norm Estimates (MNEs) from
combined anatomical MRI and MEG data (Dale et al., 2000; Liu et al., 2002; Liu et al.,
1998). MEG source space was constructed on cortical surfaces with ~7,000 vertices per
hemisphere. A gain matrix A, describing the ensemble of MEG sensor measurements with a
unit current dipole on each source vertex, was calculated using a realistic boundary element
model (BEM) (H&maldinen and Sarvas, 1989) based on the high spatial resolution MRI data.
Noise covariance matrix C was estimated from baseline data without visual stimulation.
These two matrices were used to calculate the inverse operator W = AT(AAT + C)™1. The
MEG data y(J) at time fwere then multiplied by W to yield the estimated source activity in
the cortical surface: x(#) = W y(#. Noise normalization estimates were calculated as

dSPM (8 = x(HIV(diag(WCWT), where diag is the operator extracting the diagonal vector
from a square matrix to display the activations using /statistic (Dale et al., 2000).

The MEG ROI selection was guided with the fMRI ROIs as follows: 1) The fMRI cortical
surface ROIs were transformed to the MEG cortical surface source space. 2) For each fMRI
ROI, its center on the cortical surface was identified. 3) The MEG source waveform peak
latency (the time when the MEG signal was maximal) for the center location was measured.
3) The MEG ROI was delineated by thresholding the group-average dSPM values at the
peak latency with a value of 4.5 (~statistic, Bonferroni corrected p<0.01). Due to the
complexity of the MEG source waveform, we only picked the time-to-peak (77P) to
characterize MEG timing.

Oscillatory MEG analysis

Trials of MEG raw data of 3.3 s duration with 0.8 s pre-stimulus baseline were used
calculate the time-frequency representations (TFRs). Specifically, trial 7's spectrotemporally
localized complex-value TFR sj(w;#) was calculated by convolvigg the MEG data y(#) with a
Morlet wavelet with seven cycles s;(w, ) = Jy(t- ©)e/Wee 2120% gz, o= 7 x 2l w
(Lachaux et al., 1999). Such a choice of gave an effective temporal resolution about 3.5
cycles (depending on the frequency w). The frequency of the Morlet wavelet wranged
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between 5 Hz and 36 Hz to cover the alpha, beta, and the sensorimotor mu-rhythm (Hari et
al., 1997) (Salmelin and Hari, 1994). MEG source power p(w; 7 was estimated by averaging
the power of the product between the inverse operator W and each trial’s TFR s; (w, facross

Atrial

PO, =) [Wsi(w, 1) _
Ihrigl trials: ‘= . p(w; &) was calculated for all source locations and then

averaged within the ROI. Then the baseline value of p(w;#) was subtracted and the standard
deviation of the baseline-corrected p(w, ) was computed. Lastly, the normalized power was
calculated as the ratio between instantaneous baseline-corrected p(w;#) and the standard
deviation of the baseline—corrected p(w; ) (Lin et al., 2004).

Temporal spectral evolution (TSE) (Salmelin and Hari, 1994) MEG analysis reflects total
neuronal activations (both in- and out-of-phase components) and is therefore expected to
correlate with BOLD better than evoked MEG responses. TSE for each ROI was calculated
as integrating p(w; & over 5 — 36 Hz (Fig. 5B). This frequency range included the
characteristic frequency bands for all ROIs. To emphasize event-related synchronization
(ERS)/event-related de-synchronization (ERD) components that should best correlate with
BOLD signals, we constructed a Gamma-shaped window function u(#) = Gamma((#-fers) .,
a, b), where parameters (A = 22, a= 2, b= 8) were chosen such that the function captured
the ERS/ERD but excluded the rebound, and the peak of this function was set at the ERS
peak latency #gg for each ROI (Fig. 5C). The TSE time courses were then multiplied with
the u(?) function for each ROI individually, and the 50% level of the cumulative oscillatory
power (Fig. 5D) within the first 2 seconds after the visual stimulus onset was used as the
oscillatory timing index (OT7/). Note that unlike the evoked MEG responses, the induced
responses (TSE and O7/data) were not low-pass filtered at 10 Hz.

Statistical testing of interregional time courses for Inl and MEG

Results

Variances of the timing indices were estimated using bootstrapping (Chernick, 2007).
Specifically, for the fMRI main experiment, 21 time courses were sampled with replacement
from the pool of 21 subjects for each ROI independently. Similarly, for the fMRI control
experiment, the analysis was performed using 12 time courses from the pool of 12 subjects,
and for the MEG experiment, using 8 time courses from the pool of 8 subjects, for each ROI
independently. These time courses were then averaged and fitted by the procedure described
above to generate three timing indices. The procedure was repeated 100 times. The
variability of the timing indices was then calculated from the standard deviation of the
corresponding timing indices across the 100 bootstrap iterations.

In the main experiment (Fig. 1A) subjects (n7= 21) were presented with 500-ms visual
hemifield checkerboard stimuli at random intervals and asked to respond with their left
index finger to stimuli appearing in the left hemifield (RT 350 + 48 ms, mean + SEM) and
with their right index finger to stimuli in the right hemifield (RT 356 + 45 ms). The average
hit rate was 99.1%. The strongest fMRI activations were observed in the hemisphere
contralateral to the visual stimulus/motor response (Fig. 2A); thus, results for left hemifield
stimuli are reported in the right hemisphere and for right hemifield stimuli in the left
hemisphere.

In our first timing analysis, we compared only the group-average visual (V) and motor (M)
ROI latencies (for spatial extent of ROIs and BOLD time courses, see Figs. 2A and C; for
corresponding numerical results see Tables 1 and 2). As illustrated by the data points above
the 45° line, V was activated earlier than M cortex (Fig. 3A). Variance of the group average
timing indices was estimated using bootstrapping (Chernick, 2007) with 100 iterations.
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False-positive rates were non-parametrically quantified by the percentage of data points
below this 45° line. All three indices were earlier in the visual than in the motor cortex in the
left hemisphere (p=0.01, 0.01, and 0.03 for Onset, TTHand T TP, respectively). In the right
hemisphere, 77H suggested that the hemodynamic response at the visual cortex preceded
that at the motor cortex (p < 0.01; Onsetand 77Pwith p=0.12 and 0.40 respectively)
hemisphere. Among the three timing indices, 774 showed the smallest variance (Table 1).
Therefore, analogous to several previous studies (Descamps et al., 2012; Liu et al., 2005;
Waugh et al., 2008; Weilke et al., 2001) and consistent with our prediction that 77+ may
offer more robust estimates than Onsetand T7P, TTH was considered the most reliable
measure of HDR latency (results for Onsetand 77Pare, however, reported as well; see
Tables 1 and 2).

BOLD 7T7H of the visual cortex led that of the motor cortex by 600 ms in both the left and
the right hemisphere (p < 0.01 independently for both; Fig. 3C blue lines). This suggested
that BOLD signals could differentiate the timing between visual (input) and motor (output)
cortices even though the spread of neuronal activation and reaction times were very fast.

Because the order of activations measured with BOLD could be influenced by interregional
differences in brain vasculature, we conducted a control experiment designed to reverse the
order of activations (Fig. 1B). Subjects (7= 12) pushed a button with the left or right hand
after hearing 200-ms tone pips (1 kHz for left and 4 kHz for right hand response). RTs were
570 + 50 ms for the left and 550 + 50 ms for the right hand. After the button press, a 500-ms
visual hemifield checkerboard appeared ipsilateral to the motor response. The delay between
the button press and the visual stimulus was 158 ms for right and 220 ms for left hemifield,;
these values were chosen such that the neuronal delay derived from the MEG experiment
(see below) across the visual and motor cortex would be equal between the main experiment

(Fig. 1A AZEC ) and the control experiment (Fig. 1B AZZ2C - ). Source analysis
revealed expected BOLD activations in the motor and visual cortices (Fig. 2B; the time
courses of the HDR at motor and visual cortices are shown in Fig. 2D.). Additional early
activations related to the auditory stimuli were observed in the auditory cortices (not
shown). The visual and motor cortex ROIs in the control experiment overlapped with those
in the main experiment by more than 80% (Fig. 2A-B). The activations occurred 600 ms
earlier (p<0.01) in motor than visual cortex in the left hemisphere and 500 ms earlier (p <
0.01) in the right hemisphere (Fig. 3B, Fig. 3C red lines). This double dissociation excludes
the possibility that the order of activations in the main experiment was caused by
interregional differences in vasculature. It is useful to note that the interregional delays were
fully reversed (0 ms asymmetry) across the main and control experiment in the left
hemisphere and almost entirely reversed (100 ms asymmetry) in the right hemisphere (p =
0.79, n.s.). Therefore, the influence of interregional vasculature differences was small (0 —
100 ms, statistically non-significant) compared with the interregional delays (500 — 600 ms).
Finally, the possibility that ROI selection and/or voxel-to-voxel variability might have
biased the timing results was excluded with auxiliary analyses, where we studied the spatial
distribution of 77Htiming and parametrically changed the ROI size to see how interregional
timing changes (Fig. 2E — H). We found that when the proportion of selected voxels was
gradually increased from 10% to 90%, the mean values approached the full-ROI values and
the SEMs decreased. However, already at 10% proportion the values were relatively close to
the full ROI values, and the changes from 10% to 90% were much smaller than the observed
interregional ROI delays. Further, even at 10% proportion all latency differences between
visual and motor cortices were significant (0 <0.01) for both hemispheres and both the main
and control experiment individually. Therefore, voxel-to-voxel variability was too small to
significantly confound the interregional delay results.

Neuroimage. Author manuscript; available in PMC 2014 September 01.
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A previous study has suggested high inter-individual vascular variability as a factor that may
bias BOLD latency estimates (Aguirre et al., 1998). Thus, in an additional control analysis,
we studied how many subjects are needed to reduce the vasculature confounds and to obtain
reliable inter-regional latency estimates. The results suggest that at least eight subjects were
required to conclude significant (p < 0.05) temporal difference between visual and motor
cortices.

In our subsequent, spatially more detailed analysis of the main fMRI experiment, we
observed a sequence of activations across five ROIs, first in visual cortex, and thereafter
propagating to posterior parietal (PPC), premotor, somatosensory, and finally, motor cortex
(Tables 1 and 2). Locations of PPC, premotor, and somatosensory cortices are shown in
Figures 2A and 2B. The results were highly similar across hemispheres. The 77H
differences between ROIs (arrows in Fig. 4) could be used to infer directional information
flow. Across hemispheres, 77H difference between motor cortices was non-significant (p =
0.31), consistent with that the RTs were similar between left and right hand stimuli/
responses.

To investigate if the above fMRI main experiment hemodynamic timing differences reflect
truly neuronal delays we conducted an MEG experiment (n7 = 8) using an identical design.
The button press reaction time were 378 + 71 ms and 340 + 90 ms for left and right
hemifield visual stimuli respectively. Source analyses of evoked MEG responses showed
group-level activations similar to fMRI results: the distance between the center-of-mass of
the ROI determined by fMRI and MEG data independently is less than 10 mm. The evoked
MEG response analysis revealed a progression of neuronal activations from visual to PPC/
premotor, somatosensory, and finally, motor cortices in both hemispheres (Table 3 and Fig.
5A - B). However, the evoked MEG responses only reflect neuronal activations that are
both time- and phase locked to the stimuli (out-of-phase components are cancelled during
averaging across trials), and may thus not optimally correspond to BOLD responses that are
driven by all time-locked neuronal events regardless of their phase (Niessing et al., 2005).
Therefore, we conducted an additional induced response (temporal spectral evolution or
TSE) (Salmelin and Hari, 1994) analysis where phase cancellations do not occur. As (Fig.
5C - D) showed an early ERS followed by ERD, and finally a strong rebound. Since BOLD
generator areas are better correlated with electrophysiological ERS/ERD than with rebound
(Brookes et al., 2005; Formaggio et al., 2008; Muthukumaraswamy and Singh, 2008), we
constructed an induced response oscillatory timing index (OTl)that only reflects ERS/ERD
timing (Fig. 5E — F). The corresponding latencies (Table 4) revealed a mainly similar order
of activations as for the evoked MEG responses, but the interregional delays were much
more similar between BOLD and O7/ (derived from induced responses) than between
BOLD and evoked responses.

To quantify the timing relationship between hemodynamic and neuronal measurements, we
performed linear regression analyses between the BOLD and MEG results. The evoked
MEG responses showed a statistically significant (= 0.011 for the left and 0.008 for the
right hemisphere) linear relationship between BOLD 77Hand MEG 7T7P (Fig. 6A; for
regression on BOLD Onsetand TTPwith MEG TT7P, see Fig. 6C and 6D). The results were
similar across hemispheres (for Yintercepts, #test: p= 0.81, difference n.s.; for slopes, &
test: p=0.33, difference n.s.). Interestingly, interregional delays appeared to be over two
times longer in fMRI than in MEG (slope = 2.08 for the lefta and 1.86 for the right
hemisphere).

The MEG delays derived from induced responses (O7/in Fig. 6B) were also linearly
correlated with BOLD 77H delays (p= 0.04 for the left and 0.07 for the right hemisphere).
Importantly, the slope was, clearly, not statistically different from 1 (#test p= 0.85 for left
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and 0.96 for right hemisphere), suggesting that the interregional delays for induced MEG
and BOLD signals were similar.

Discussion

The present results suggest that fMRI could resolve even relatively small neuronally driven
temporal delays between cortical areas. The results were highly replicable across
hemispheres for the two conditions stimulating different visual hemifields. The BOLD
response in the visual cortex preceded that in the motor cortex, with intermediate delays in
the PPC, premotor, and somatosensory cortices; furthermore, the interregional
hemodynamic delays were linearly correlated with the neuronal delays (Fig. 6). Taken
together, these results demonstrate that BOLD fMRI may detect the same temporal order of
activations as neuronal MEG measurements even during rapid propagation of activity and
fast reaction times (~350 ms).

Importantly, the order of BOLD activations followed the timing of external events, as when
we switched the order of the visual stimulus and the motor output, the BOLD timings also
reversed accordingly (Fig. 3). This double dissociation cannot be explained by either
different shapes of regional HDRs or regional vascular differences. In earlier studies it has
always remained a possibility that BOLD latency differences between brain areas are caused
by interregional variability in vasculature. However, the current study — the first to quantify
this potential confound — found no statistically significant results to support this possibility.
Therefore, if such vascular intrinsic effects exist, their influence (at least when averaging
spatially within ROIs and across subjects) seems small compared with neuronally driven
interregional delays. However, our results only demonstrated a double dissociation between
the visual and motor cortices. Further studies are needed to ascertain similar effects across
other brain areas.

Inter-regional difference in neurovascular coupling has been documented extensively in
literature. Some aspects of this difference have solid physiological basis, including post-
capillary blood flow, penetrating venules and surface veins. This timing difference can be as
large as 1-2 seconds. In fact, our results corroborated the finding about the spatial variability
of the hemodynamic response (Fig. 2G and 2H). Therefore, although our results were based
on 1) average within a ROI and 2) average across subjects, which allowed us to statistically
reduce the contribution of vascular variation across different locations within one brain area
and across different subjects, further studies are needed to affirm that that neuronal delays
can also be determined based on fMRI at the level of an individual subject.

It should be noted that we assumed the temporal properties of the BOLD response for the
motor/visual areas are constant between the main and control experiments. While this may
not be the case due to anticipatory effects (Gibson et al., 2005), this effect was unlikely a
significant confound due to the relatively simple nature of the task. Note also that in MEG/
EEG literature, anticipation effects and attentional modulations, such as the so-called
processing negativity (Naatanen, 1992), are observed as sustained amplitude modulations,
instead of response latency modulations. Thus, we expect no significant anticipatory/
attentional effects on our fMRI timing results, while further experiments validating this
hypothesis will be certainly helpful.

The present study, to our knowledge, is the first one to compare interregional BOLD and
MEG/EEG delays, showing that their correlation is approximately linear. This suggests that
BOLD timing is fairly accurately driven by neuronal population-level postsynaptic
potentials that MEG/EEG reflect (Okada et al., 1997). Therefore, BOLD fMRI can be a
useful tool for studying neuronal activation sequences at realistically fast interregional
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delays. The delays started to be significant at 100 ms, at 200 — 300 ms about half of the
delays were significant, and at 2400 ms all delays were significant (Tables 1 and 2).
Therefore, the effective temporal resolution for observing interregional BOLD delays in the
present study was about 100-300 ms. It is presently unknown if this resolution can be
further improved by technological advances (e.g., by sampling the BOLD responses even
faster) or if physiological variability (e.g., across subjects and voxels) limits the achievable
temporal accuracy. Our results suggested that the BOLD timing difference is comparable
with the induced neural response but not the evoked neural response (Fig. 6). This finding
on the close relationship between BOLD timing difference and induced neural response is
consistent with previous observations (Muthukumaraswamy et al., 2009; Niessing et al.,
2005). Our results indicated that the transduction of BOLD signal from neuronal activity is
not a simple time-lock event but an integrative process.

Previously, it has been suggested that within-ROI delays to different types of stimuli could
be resolved by fitting a canonical function and its temporal derivative on the BOLD data
even at 100 ms temporal resolution, but that this method should not be applied to
interregional delays due to unknown vascular confounds across regions (Friston et al.,
1998). In the present study the interregional vascular confounds were characterized and
found to be too small to bias the observed delays between ROIs. Moreover, the BOLD
timings were derived directly from the HDRs at the native 100 ms temporal resolution
without any a priori assumptions, therefore avoiding all potential biases inherent in using
canonical basis functions or model fits that assume shapes and/or latencies of the BOLD
responses.

Our results suggest that the different hemodynamic properties of the different ROls are of
lesser effect than the neuronal timing differences on the measured BOLD timing differences.
Thus it is possible to use BOLD fMRI to measure fine timing differences (in the range of
hundreds of milliseconds) in the brain, particularly in deep brain areas, where MEG and
EEG are difficult to detect even though they have excellent millisecond temporal resolution.
One potential application of this finding is on the effective connectivity analysis (Cabeza et
al., 1997; Friston, 2007; Friston et al., 1997). Previously the causal interaction between brain
areas estimated from BOLD fMRI signal has been questioned by the contribution of
vascular effects. Now one might argue that, at least between visual and somatomotor areas,
the causal effects estimated by fast fMRI methods are neuronally driven.

The present study focused on the timing of group level BOLD responses, where the results
were robust. However, we also found that at least 8 subjects were required to reach
significance even for the most coarse timing difference between the visual and motor
cortices. This finding is in accord with previous studies showing that at the individual level,
interregional vascular confounds may overwhelm any neuronally related timing information.
Future within-subjects studies are needed to illuminate the role of individual level
interregional vascular differences. Such studies will also be useful for clarifying the relative
contributions of (i) spatial averaging within ROIs within subjects and (ii) averaging across
subjects in reducing the effect of interregional vascular differences.

The current results also show that Inl allows whole-head BOLD imaging with high temporal
resolution in realistically short experiments. Even traditional echo planar imaging (EPI) can
achieve high temporal resolution with whole-head coverage through jittered stimulus timing
(Friston, 2007; Rosen et al., 1998), but the duration of the experiment increases linearly with
the ratio between TR and desired temporal resolution. For example, in order to achieve the
same temporal resolution and whole-head spatial coverage as the present Inl experiment, in
which data collection took only 16 minutes, an EPI experiment with TR = 2 s would take 5
hours.
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Inl uses very a short TR and consequently flip angle should be optimized in order to achieve
the highest SNR. The 7; value used for flip angle optimization in this study may not be
exactly 1 s as measured in other studies (Wright et al., 2008). However, we consider 1 s to
be a reasonable approximation, because ultimately it is the contrast-to-noise ratio, rather
than the signal itself (related to the Ernst angle), that we attempt to optimize through flip
angle selection. Corroborating this idea, a recent study (Gonzalez-Castillo et al., 2011)
found that the BOLD percentage signal change was rather invariable across a wide range of
flip angles. It therefore seems likely that any flip angle between 30° and 21° would have
produced similar results.

More studies may be needed to understand why the delays appear to be longer in BOLD
than in evoked MEG responses. This finding is consistent with previous studies showing
that the interregional hemodynamic timing differences are longer than reaction times
(Bellgowan et al., 2003; Henson et al., 2002). Potential explanations include low-pass
filtering (Logothetis et al., 2001) and nonlinear (Devor et al., 2003) nature of neurovascular
coupling, the exact way in which hemodynamic and neuronal latencies were measured,
statistical power issues, possible cancellations of MEG sources with opposing directions
(Ahlfors et al., 2010), and especially — because the interregional delays were much more
similar between the induced MEG responses (O7/) and BOLD fMRI - the averaging
process that removes out-of-phase MEG components from evoked responses. Nonetheless,
the present results suggest new possibilities for what fMRI might tell us about the dynamic
brain.
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Figurel. Stimuli and tasks

(A) In the main visuomotor experiment, subjects were presented with visual hemifield
stimuli and asked to push a button with the ipsilateral hand as quickly as possible, thus
eliciting visual and motor cortex activations in the contralateral cerebral hemisphere. Half of
the trials were on the right and half on the left hemifield. The corresponding neuronal

timings were recorded with MEG, and the hemodynamic timings with fMRI. AZES

visual—motor
represents the neuronal delay from visual to motor cortex At( isual—moror AND the BOLD delay
from visual to motor cortex. BOLD latencies are delayed with respect to the neuronal
latencies due to neurovascular coupling. (B) In the control experiment the stimulus-task
order was flipped (motor response before visual stimulus, with onset of trials cued by an

auditory tone). The delay between the button press and presentation of the visual stimulus
was set such that the expected neuronal delay from motor to visual cortex A=Y€

motor—visual
would be equal to AEG_ observed in the main experiment. AZ . - represents the
BOLD delay from motor to visual cortex. Actual values for all tlmlng were labelled in the
figure (blue texts: right hand/hemifield; green texts: left hand/hemifield).
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Figure 2. fMRI activations collapsed at 3 — 8 seconds and ROI selections; ROI-specific BOLD
time cour ses; within-ROI BOLD TTH distributions

(A) During the main (visuomotor) experiment, both visual (V) and motor (M) cortices were
activated. The black outlines indicate the ROIs thresholded from these statistical images.
PPC: posterior parietal cortex; S: somatosensory cortex; preM: premotor cortex (B) During
the control (motor-visual) task, V and M cortices were activated. Again, the black outlines
indicate the ROIs; these were over 80% overlapping with the main experiment ROIs in
panel A. PPC: posterior parietal cortex; S: somatosensory cortex; preM: premotor cortex (C
— D) The corresponding ROI-specific BOLD responses (peak amplitudes normalized across
ROls, group level). The order of activations clearly follows the order of external events
(stimuli and task). The signal-to-noise ratio across all ROIs was 29. (E — F) Spatial
distribution of latencies ( 77H) within the visual and motor ROIs. Variability within ROIs
was much smaller than delays across ROIs, suggesting that voxel-to-voxel variability did not
confound the results. (G —H) Histograms of latencies ( 77H) within the visual and motor
ROls.
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Figure 3. Hemodynamic response timing in visual and motor corticesin the main and the control

experiments

(A) In the main experiment, visual cortex (V) was activated before motor (M) cortex (values
above the 45° line) in both hemisphere for all three timing indices. The dots display the 100
bootstrap iterations. (B) In the control experiment, where the order of the stimulus and
motor response was reversed (button press followed by visual stimulus), the order of BOLD
activations was also reversed such that motor cortex was activated before visual cortex
(values below the 45° line) in the control experiment with a motor-visual task. (C) BOLD
TTH delays between the visual and motor cortices in the main (blue) and control (red)
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experiments. This result indicates that BOLD timing closely follows the order of external
events and is only weakly confounded by interregional vascular differences.
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Left hemisphere
somato-

Right hemisphere

somato-

Figure4. Latency differences between all five ROlsand direction of activation propagation
BOLD responses were found in visual, posterior parietal (PPC), premotor, somatosensory,
and motor cortices; their approximate locations are illustrated on lateral views of the inflated
cortex (for actual source locations see Fig. 2A — B). Yellow arrows indicate direction of
activation propagation. Solid arrows indicate p < 0.05 for the latency difference between any
two areas; numerical values show the differences in seconds.
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Figure5. MEG time cour ses

(A —B) Evoked responses. The waveforms were amplitudes normalized (maximum for
each response is 1). Visual cortex, PPC, premotor cortex, sensory cortex, and motor cortex
reach the peak value sequentially in both the left and right hemisphere. The numbers in the
figure indicate the time-to-peak. (C — D) Induced responses. Temporal spectral evolution
(TSE) time courses show event-related synchronization (ERS), event-related de-
synchronization (ERD), and rebound in both hemispheres. (E — F) Oscillatory timing index
(OTI) results. For the induced responses, the window function mt) was generated to
emphasize ERS/ERD that is best correlated with BOLD responses, and to exclude the
rebound that is poorly correlated with BOLD responses; the peak latencies for each m(t)
were set at the TSE-ERS peak of the corresponding ROI. Then, to estimate the time course
of neuronal power/energy consumption, the induced (TSE) responses were multiplied with
the corresponding mt) for each ROI, and the cumulative integral of TSE*u(t) within the
time window 0 — 2 seconds was calculated. OTI values were picked at the time when this
cumulative function reached 50% of its maximum.
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Figure 6. Correlation between electrophysiological (M EG) and hemodynamic (BOL D) timing

A linear regression between source-specific MEG and BOLD ( 77H) latencies was found
separately in the left and right hemispheres using both the (A) evoked MEG response 77P
values and (B) oscillatory MEG timing index O77derived from induced responses. The

slopes were about 2.3 for the evoked responses and 1.0 for the oscillatory analysis,

indicating that the MEG induced responses may reflect BOLD interregional delays more
faithfully than evoked responses. SEM error bars. For comparison, the gray dashed lines
indicate a regression line of slope = 1.0. A linear regression was also done between MEG

and BOLD Onset latency (C) and 77P latency (D). The correlations were significant in the

right but not in the left hemisphere. The slopes of the regression lines were relatively steep

(~2).
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Table 1

BOLD latencies for Onset, time-to-half (77H), and time-to-peak ( 77/) timing index in the five ROIs (mean £
SEM). PPC: posterior parietal cortex.

A. Left hemisphere

ROI Onset (ms) | TTH (ms) TTP (ms)
Visual 1000 + 180 | 2800 + 190 | 5000 + 390
PPC 1800 +390 | 2900+ 170 | 4700 + 500

Premotor 1300 410 | 2900 +280 | 5500+ 670

Somatosensory | 1400 + 310 | 3200 +130 | 5400 + 270

M otor 2200 + 450 | 3400 +180 | 5500 + 340

B. Right hemisphere

ROI Onset (ms) | TTH (ms) TTP (ms)
Visual 1000 +230 | 2800+ 170 | 5000 + 280
PPC 1500 + 510 | 3100 +220 | 5200 + 350

Premotor 2200 + 450 | 3300 +240 | 4600 + 290

Somatosensory | 2200 +460 | 3300+ 160 | 5200 + 280

Motor 2200 +500 | 3400 +130 | 5200 + 210
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