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The blood-oxygen-level-dependent (BOLD) functional MRI (fMRI) signal is a robust surrogate for local
neuronal activity. However, it has been shown to vary substantially across subjects, brain regions, and repetitive
measurements. This variability represents a limit to the precision of the BOLD response and the ability to
reliably discriminate brain hemodynamic responses elicited by external stimuli or behavior that are nearby in
time. While the temporal variability of the BOLD signal at human visual cortex has been found in the range of a
few hundreds of milliseconds, the spatial distributions of the average and standard deviation of this temporal
variability have not been quantitatively characterized. Here we use fMRI measurements with a high sampling
rate (10 Hz) to map the latency, intra- and inter-subject variability of the evoked BOLD signal in human primary
(V1) visual cortices using an event-related fMRI paradigm. The latency relative to the average BOLD signal
evoked by 30 stimuli was estimated to be 0.03 ± 0.20 s. Within V1, the absolute value of the relative BOLD
latency was found correlated to intra- and inter-subject temporal variability. After comparing these measures to
retinotopic maps, we found that locations with V1 areas sensitive to smaller eccentricity have later responses
and smaller inter-subject variabilities. These correlations were found from data with either short inter-stimulus
interval (ISI; average 4 s) or long ISI (average 30 s). Maps of the relative latency as well as inter-/intra-subject
variability were found visually asymmetric between hemispheres. Our results suggest that the latency and
variability of regional BOLD signal measured with high spatiotemporal resolution may be used to detect
regional diﬀerences in hemodynamics to inform fMRI studies. However, the physiological origins of timing
index distributions and their hemispheric asymmetry remain to be investigated.

Introduction
Regional functional magnetic resonance (fMRI) blood oxygenation
level-dependent (BOLD) signals have been found stable across repetitive
stimuli using linear system analysis (Boynton et al., 1996; Dale and
Buckner, 1997). This temporal stability lays the foundation of using
General Linear Model to localize functional brain areas. Characteristics of
BOLD waveforms are found closely related to the time domain features of
stimulation or behavioral responses: the inter-trial stimuli time in the
range of seconds was correlated with the hemodynamic inter-peak timing

⁎

at the human motor cortex (Kim et al., 1997). The latency diﬀerence
between the BOLD signal at left and right motor cortices corresponded to
the delay diﬀerence between the left and right hands motor responses
separated by about 2 s (Miezin et al., 2000). Using a visuomotor task, the
inter-regional timing between primary visual cortex (V1) and supplementary motor area (SMA) was signiﬁcantly correlated to the reaction time in
the ranges of hundreds of milliseconds (Menon et al., 1998). We also
found that, across subjects, the order of inter-regional fMRI signals at
visual and motor cortices with about 400 ms latency diﬀerence between
them followed the order stimuli and behavior responses (Lin et al., 2013).
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encoding (Larkman et al., 2001), blipped controlled aliasing (CAIPI)
EPI (Setsompop et al., 2012), simultaneous echo refocusing (SER)
(Feinberg and Setsompop, 2013), and regularized reconstruction (Lin
et al., 2006, 2008), to monitor the BOLD signals with 10 Hz sampling
rate and 5 mm resolution. The local relatively latency can be related to
temporal variability, presumably due to the relative venous contribution (de Zwart et al., 2005; Turner, 2002) and, potentially, reﬂect
diﬀerences in response timing across the visual ﬁeld, as central and
peripheral representations have been shown to have diﬀerent temporal
properties (Maunsell et al., 1999). Further assuming a similar vasculature pattern relative to the cortical folding pattern across subjects, the
spatial pattern of intra-subject variability may be similar to that of
inter-subject variability distribution. Characterization of response
variability are keys to quantifying the temporal precision of the
hemodynamic response and can help provide an understanding of
the potential temporal resolving power of the BOLD response.

While experimental evidence suggests that the BOLD signals are
temporally stable, the variability of the BOLD signal has also been
extensively reported. This variability was found diﬀerent across
regions, subjects, and measurement sessions. The variability of BOLD
signal is directly related to the limit of detecting the correlation
between hemodynamic and behavioral measurements (Aguirre et al.,
1998; D'Esposito et al., 1999; Handwerker et al., 2004; Huettel and
McCarthy, 2001). This variability also poses the limit of detecting
information ﬂows across brain regions using inter-regional hemodynamic measures. Quantitative information about the BOLD signal
variability may be used to improve the power of detecting active brain
areas using hierarchical analysis (Woolrich et al., 2004a, 2004b). The
temporal bias and the instability of the fMRI signal may be modulated
by attentional and other cognitive states. Fine temporal fMRI features
may also be used to distinguish between healthy and diseases, as well
as between stages of development and aging.
Local vasculature diﬀerences in the brain (Duvernoy et al., 1981)
can underlie the variability of BOLD signals, because the BOLD signal
is the surrogate hemodynamic measurements of task-related
(Logothetis et al., 2001) and spontaneous (Laufs et al., 2003;
Scholvinck et al., 2010) neuronal activity. The relationship between
BOLD signal variability and vasculature is exempliﬁed by the correlation between local vascular density and regional resting-state and taskrelated fMRI amplitudes (Vigneau-Roy et al., 2014). Even within the
same functional area, BOLD response still varies considerably between
subjects and within subjects. Across subjects and across locations at the
human visual cortex, the variability of the time-to-peak (TTP) of the
BOLD signal was found around 0.52 s (standard deviation) at human
visual cortex; the intra-subject TTP variability was slightly larger
(0.79 s) (de Zwart et al., 2005). However, the intra-subject variability
of the BOLD signal was found smaller than the inter-subject variability
at the human visual cortex in another study (Leontiev and Buxton,
2007) and at the human motor cortex (Aguirre et al., 1998). By further
separating the intra-subject variability into the contribution across
days and across sessions on the same day, it was found that the latter
was more stable with a measured variability of a fraction of a second
(Aguirre et al., 1998).
While the BOLD signal is mostly stable within-area, within-subject,
and within-session, it still varies signiﬁcantly across trials (Duann
et al., 2002). Yet such within-session variability has not been systematically studied. Note that such variability across trials has been found
correlated between neurophysiological measurements (P1 amplitudes
from EEG) and hemodynamic measurements (time-to-peak in fMRI)
(Bagshaw and Warbrick, 2007). Thus variation in neuronal activity,
neurovascular coupling, and vascular response uncertainty can all
account for this within-session variability. Furthermore, little is known
about how the relative latency and the stability of the BOLD signal
varies within and across functional areas along the hierarchy of the
visual system.
The goal of this study is to map the hemodynamic timing
characteristics in the human primary visual cortex (V1) using high
temporal precision measurements. In particular, we aim at quantifying
the average and the standard deviation of the relative latency of the
BOLD signal between subjects. We also want to characterize the withinsession temporal stability of the BOLD signal within individual
subjects. These timing characteristics respectively denote the average
and the standard deviation of the relative temporal shifts of the local
hemodynamic response with respect to a local hemodynamic response
template. Suggested by previous studies, this relative latency and
timing variability may be in the range of a few hundreds of milliseconds
(de Zwart et al., 2005; Leontiev and Buxton, 2007). These timing
characteristics were further analyzed in V1 using probabilistic anatomical labels (Fischl et al., 2008; Hinds et al., 2008) and retinotopic map
atlas (Benson et al., 2014, 2012).
We used simultaneous-multi-slice (SMS) inverse imaging (InI), a
fast fMRI acquisition enabled by highly parallel detection, multi-slice

Methods
Subjects and the task
Fourteen subjects (n = 14; age: 27 ± 6.6; 4 female) were recruited to
this study with written informed consents approved by the Institute
Review Board of National Taiwan University Hospital. In the experiment, visual stimuli extending to both left and right visual ﬁelds (8 Hz
reversal rate; 500 ms duration) were presented to the subjects in a
rapid event-related fMRI design. The checkerboard subtended about
16° visual angle (i.e., out of 8° eccentricity) and was generated from
twelve concentric rings of equal width. The stimuli were presented
using PsychoPy (Peirce, 2007, 2008). The onset of each checkerboard
reversal was randomized with a uniform distribution of inter-stimulus
intervals (ISI) varying from 2 to 16 s (average 4 s). There were 60
stimulus trials in each run. Subjects were instructed to engage a motor
task: subjects needed to press the button when the randomly presented
letter at the center of the visual ﬁeld matched to the target descried at
the beginning of the imaging session. Four runs of data were collected.
Each run lasted for four minutes.
Using rapid presentation of visual stimuli may raise the concern on
the nonlinearity eﬀect of the BOLD signal at the visual cortex (Birn and
Bandettini, 2005; Birn et al., 2001; de Zwart et al., 2009; Huettel and
McCarthy, 2000), even though previous studies show that the BOLD
responses at the visual cortex are still linear with stimuli separated as
short as 2 s (Dale and Buckner, 1997) and about 4 s (Liu et al., 2010).
To address this concern, we performed another experiment (long-IsI
experiment) with ISI = 30 s. Ten subjects (n = 10; age: 29 ± 5.4; 5
female) were recruited to this experiments. The checkerboard reversal
visual stimuli were identical to those in the ﬁrst experiment. Four runs
of 4-min data, each of which had 8 stimulus trials, were collected from
each subject.
MRI acquisition and reconstruction; regions-of-interest identiﬁcation
All data were acquired from a 3T MRI scanner (Skyra, Siemens,
Erlangen, Germany) using a 32-channel head coil array. Recently we
developed simultaneous-multi-slice inverse imaging (SMS-InI) to acquire
BOLD-contrast fMRI with a 10-Hz sampling rate (Chu et al., 2016).
Speciﬁcally, SMS-InI collected 20 axial 4-mm thick slices with 1-mm gap
between slices. These slices were separated into two slice groups, each of
which had 10 slices and excited/read in 50 ms. Neighboring slices within
each slice group were further separated by SER (Feinberg and Setsompop,
2013). Aliased slices were further separated by blipped CAIPI (Setsompop
et al., 2012) by introducing 1/3 FOV shift in the phase-encoding (anteriorposterior) direction between neighboring aliased slices. Other imaging
parameters were: ﬂip angle = 30°, in-plane resolution = 5 mm × 5 mm,
FOV = 210 × 210 × 210 mm3, TR = 100 ms, and TE = 25/27.5 ms for two
slice sets in SER. The ﬂip angle choice was based on the Ernst’ angle with
2

NeuroImage xxx (xxxx) xxx–xxx

F.-H. Lin et al.

created by the following procedures: First, we arbitrarily separated all
stimulus trials into two groups, each of which had 30 trials. Then
hemodynamic responses were separately estimated for these two
groups using GLM with FIR bases separately (see description above).
Note that these estimates were the evoked fMRI signal across 30 trials,
which may be temporally overlapped because of the arranged stimulus
onsets and the duration (~20 s) of the hemodynamic response.
However, using GLM allowed us to separate these overlapped responses. We repeated these two steps 30 times. This all together
provided 60 bootstrap estimated BOLD responses across two groups.
Subsequently, we calculated the Pearson's correlation coeﬃcient
between the template BOLD response and each bootstrap estimate
BOLD response from each bootstrap trial. Correlation coeﬃcients were
calculated with the template BOLD response temporally shifted
forward and backward for ± 4 s at 0.1-s steps. The temporal shift that
corresponded to the largest correlation coeﬃcient was taken as the
relative latency of a speciﬁc realization of the evoked BOLD response
estimation.
All procedures described above were applied to each cortical
location within each ROI in each participant. Thus we had 60 (bootstrap samples) × 14 (participants) = 840 response latency estimates at
each cortical location in the atlas space. Accordingly, three metrics
were calculated: 1) Relative latency was calculated as the average
across all 840 response latency estimates. 2) Intra-subject latency
variability was calculated by ﬁrst taking the standard deviation across
60 bootstrap samples within each subject and then averaging across
subjects. 3) Inter-subject latency variability was calculated by ﬁrst
averaging the relative latency across 60 bootstrap samples within each
subject and then taking the standard deviation across subjects. All
calculations were done using Matlab (Mathworks, Natick, MA, USA).

T1 = 1 s and TR = 100 ms. To reconstruct volumetric images, we needed a
‘reference scan’, where partition encoding steps were added after slice
group excitation. A reference scan was acquired before four runs of the
accelerated scan, which used the same imaging parameters of a reference
scan except that all partition encoding steps were discarded. Note that
SMS-InI using a short TR (0.1 s) also included a T1-weighted contrast: a
higher image pixel value may be related to faster ﬂow or reduced cerebral
blood volume, which in turn can be related to vascular architecture/
reactivity (for review, see (Gao and Liu, 2012)). Therefore, we also used
the SMS-InI image intensity to crudely understand the physiological
origin of these hemodynamic timing features.
Structural images for each subject were acquired using a 3D T1weighted pulse sequence (MP-RAGE: TR/TE/TI = 2530/3.3/1100 ms,
ﬂip angle = 7°, partition thickness = 1.33 mm, image matrix = 256 × 256,
192 partitions, ﬁeld-of-view = 21 cm × 21 cm). The location of the graywhite matter boundary for each participant was estimated with an
automatic segmentation algorithm to yield a triangulated mesh model
with approximately 340,000 vertices (Dale et al., 1999; Fischl et al., 2001,
1999b). This cortical model was used to register individual's fMRI data to
his/her own cortical surface space (Dale et al., 1999; Fischl et al., 1999b).
Between-subject averaging was done by morphing individual data through
a spherical coordinate system (Fischl et al., 1999a) implemented in
FreeSurfer (https://surfer.nmr.mgh.harvard.edu).
The reconstruction of InI data was done by the regularized SENSE
algorithm (Lin et al., 2005, 2004), which generated 2400 volumes of
brain images for each run. We used the in vivo sensitivity method
(Sodickson, 2000) to construct the imaging encoding matrix, because
fMRI experiments are primarily concerned with relative changes of
BOLD time series. In the in vivo sensitivity method (Sodickson, 2000),
coil sensitivity maps were the reconstructed volumetric images without
any shifting (along the phase encoding direction) and aliasing (along
the slice direction) from the reference scan using data collected at each
channel of the coil array. Potential noise in the time series related to
spontaneous cardiac and respiratory cycles were suppressed by the
DRIFTER algorithm (Sarkka et al., 2012), a Bayesian modeling method
capable of dynamic tracking these ﬂuctuations. We used General Linear
Model (GLM) with ﬁnite impulse response (FIR) basis functions (30-s
duration with 6-s pre-stimulus baseline) to estimate the hemodynamic
responses elicited by the visual stimuli. These basis functions were
chosen to avoid potential bias in estimating the shape of hemodynamic
responses using a conventional parametric function (such as the
canonical hemodynamic response function). Since our study focused
at the primary visual cortex, the region-of-interest (ROI) was identiﬁed
from the intersection of functional activity (the spatial distribution of
the temporally average between 4 s and 7 s after visual stimulus onset
with t statistics greater than 4.0; Bonferroni corrected p-value < 0.01)
and anatomical atlas (FreeSurfer, version 5.1.0; http://surfer.nmr.
mgh.harvard.edu).
Retinotopic maps were derived from the anatomical template of
human striate and extrastriate cortex (Benson et al., 2014, 2012). The
boundary of V1 was derived from the probabilistic labels provided by
the FreeSurfer (Fischl et al., 2008; Hinds et al., 2008). Here we only
analyzed the temporal characteristics of brain areas that fell into the
intersection of anatomical and functional ROIs and within the range of
our visual stimuli (i.e., eccentricity < 8°).

Results
Our stimuli elicited strong BOLD signal at the visual cortices at both
hemispheres. Fig. 1 top panel shows the spatial distribution of average
(4 s and 7 s post the onset of the visual stimulus) t-statistics maps and
time courses within V1 of the left and right hemispheres from
experiments with average ISI = 4 s and average ISI = 30 s. We noticed
that the amplitude of BOLD signal showed a gradient in the anteriorposterior direction. However, areas with low t-statistics were mostly
outside the 8° eccentricity. Thus we considered that the chosen ROI
had the minimal impact on the sensitivity for resolving regional
diﬀerences in latency. The V1 regions-of-interest in this study were
shown in the middle panel of Fig. 1. The bottom panel of Fig. 1 shows
the retinotopic maps of the eccentricity and polar angles at the left
hemisphere. They were subsequently used to correlate to the BOLD
relative latency, intra-subject variability and inter-subject variability.
Histograms of the relative latency at V1 were shown in Fig. 2. The
distribution at V1 was normally distributed (Chi-square test; Chisquare = 5.00; p = 0.42). Across locations in V1, the average and the
standard deviation of the relative latency were 0.03 s and 0.20 s (intrasubject variability)/0.35 s (inter-subject variability), respectively. The
range of intra-subject variability was smaller (0.7 s) than that of intersubject variability (1.0 s). The average and the standard deviation of
the intra-subject latency variability were 0.20 s and 0.14 s, respectively.
The inter-subject latency variability at V1 was 0.35 ± 0.21 s.
Distributions of relative latency and both variability measures are
shown in Fig. 2.
Spatial distributions of the relative latency, intra-subject latency
variability, and inter-subject latency variability from data with average
ISI of 4 s are shown in Fig. 3. Brain locations closer to the fundus of the
calcalrine sulcus showed earlier BOLD response (more negative relative
latency). The intra-subject latency variability at V1 was mostly under
1 s. Smaller intra- and inter-subject variability was observed around
the fundus of the calcarine sulcus. The relative latency and maps were
visually diﬀerent between hemispheres. However, the areas showing

BOLD latency and variability estimation
The latency and the variability of the BOLD response at each
cortical location were estimated from an ensemble of responses
estimated by using a bootstrap approach. Speciﬁcally, a local template
BOLD response at each ROI was ﬁrst estimated for each subjects by
averaging the hemodynamic response function estimated by General
Linear Model using ﬁnite impulse response bases across all voxels
within the deﬁned ROI.
The ensemble of the BOLD responses for each participant was
3
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Fig. 3. Distributions of the relative latency (top), intra-subject latency variability
(middle), inter-subject latency variability (bottom) at left and right hemispheres in the
average 4-s ISI experiment.

data with average ISI of 30 s. They were visually similar to Fig. 3.
However, the noise level became higher, potentially because of the
smaller number of trials (32 trials) in the long ISI experiment
compared with the short ISI experiment (240 trials).
The absolute value of relative latency, intra-subject latency variability, and inter-subject latency variability were correlated between
each other at V1 (Fig. 5). The correlations between the intra-/intersubject variability and the absolute value of the relative latency were
signiﬁcant (p < 0.001). We also found that, within V1, locations with a
larger intra-subject latency variability were found to have with a larger
inter-subject variability (slope = 1.10; t = 11.55; p < 0.001).
We attempted to further understand the correlation between
relative latency and inter-/intra-subject in a physiologically meaningful
coordinate system. Thus we correlated between BOLD timing characteristics and retinotopic maps. Considering the cortical magniﬁcation, we further analyzed the correlation between BOLD timing
characteristics and the logarithm of the eccentricity. Results show that
the logarithm of the eccentricity was negatively correlated with the
relative latency (slope = 17.8 ms/log(degree); t = − 4.58; p < 0.001) and
positively correlated with inter-subject variability (slope = 12.4 ms/
log(degree); t = 2.52; p < 0.001). The top row in Fig. 6 shows the plots

Fig. 1. Top: average time courses between left and right visual cortices using short ISI
(4 s) and long ISI (30 s) data. Visual cortices were deﬁned as the average of the dynamic
t-statistics maps between 4 s and 7 s after visual stimulus onset. The spatial distributions
of average t-statistics were shown in the inlet. Middle: Primary visual cortex regions-ofinterest (yellow) on inﬂated cortical surfaces. Bottom: Retinotopic maps of eccentricity
within 8 degrees and polar angle at V1 of the left hemisphere based on an atlas. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article).

larger relative latency had also larger variability (about one standard
deviation; bottom row of Fig. 3), suggesting that the diﬀerence between
hemispheres may not be signiﬁcant. Note that our maps also show
anterior-posterior gradients and inferior-to-superior diﬀerences, which
may be also related to vasculature. Taken together, the origin of interhemispheric asymmetry and intra-hemispheric distributions is not yet
fully understood here and requires additional studies in a larger
number of subjects and vascular anatomy as well as reactivity mapping.
Fig. 4 shows spatial distributions of the relative latency, intrasubject latency variability, and inter-subject latency variability from

Fig. 2. Distributions of the relative latency of V1 (left), intra-subject latency variability (middle), and inter-subject latency variability (right) across the V1 ROI.
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horizontal meridian was signiﬁcantly correlated. These correlations
may be related to the underlying vascular structure or vascular
reactivity. Additional speciﬁc measurements are needed to clarify this
possibility.
Discussion
In this study, we systematically delineated and quantiﬁed the
average and the standard deviation of the relative latency of visual
cortex hemodynamics using high temporal precision fMRI data. The
range of the relative latency in the visual cortex was about 1 s at V1
(Fig. 2). The observed variability is in agreement with early studies (de
Zwart et al., 2005; Lee et al., 1995). Previous studies suggested that the
BOLD signals progressively becomes more stable as the measurements
are taken closer in time, i.e., between days and within a day, (Aguirre
et al., 1998). Our results show that, even within the same measurement
session on the same day, the BOLD signals still vary signiﬁcantly across
trials. Speciﬁcally, for the evoked response estimated from 30 stimulus
trials randomly distributed over 4 min, it has about 0.3 s temporal
instability. This intra-subject variability distribution was closely related
to the inter-subject variability distribution (Figs. 3–5). The relationship
between the relative latency and the intra-/inter-subject variability is
rather complex: relative latency and the absolute value of relative
latency both correlated to intra- and inter-subject variability (Fig. 5).
This association was further elucidated with the help of retinotopic
maps (Figs. 6 and 7): in the primary visual cortex, posterior locations
near the central-ﬁeld representation have later responses (lager relative
latency) and anterior locations near the peripheral ﬁeld representation
have lower stability (larger inter-subject variability). The inter-subject
variability was also found signiﬁcantly correlated to the polar angle
distance to the horizontal meridian (Fig. 7). Because the major
supplying arteries and draining veins of the calcarine sulcus tend to
be oriented in the anterior-posterior direction (Duvernoy et al., 1981),
there may be features of the macrovascular anatomy that impart some
of the observed systematic relationship between the variance in the
BOLD responses to visual stimulation and the eccentricity axis of the
retinotopic representation. The ﬁnding that the inter-subject variability, but not intra-subject variability, is signiﬁcantly correlated to
eccentricity (Fig. 6) and polar angle distance to the horizontal meridian
(Fig. 7), may also be attributed to variable venous structure or
reactivity across subjects.
To partially test our hypothesis on the venous contribution to the
BOLD timing characteristics studied here, we correlated between the
relative latency and intra-/inter-subject variability and SMS-InI image
intensity, which is physiologically related to in-ﬂow eﬀects, cerebral
ﬂood volume, and BOLD contrast. We found that both the relative
latency and the intra-subject variability were signiﬁcantly correlated
with the image pixel value (Fig. 8). While this analysis partially

Fig. 4. Distributions of the relative latency (top), intra-subject latency variability
(middle), inter-subject latency variability (bottom) at left and right hemispheres in the
average 30-s ISI experiment.

comparing latency with the logarithm of the eccentricity of the visual
ﬁeld representation. Using the long ISI data, we found similar
correlations (the bottom row in Fig. 6): 1) the relative latency is
shorter at areas more sensitive to peripheral vision, 2) the inter-subject
variability at areas sensitive to peripheral vision is larger than at areas
sensitive to foveal vision, and 3) the intra-subject variability is not
signiﬁcantly correlated with the visual eccentricity.
No signiﬁcant correlation was found between the polar angle
distribution and relative latency, intra-subject, or inter-subject variability at V1. However, as we correlated to the polar angle distance to the
horizontal meridian and timing characteristics, we found that intersubject variability is signiﬁcantly correlated with this polar angle
distance using average ISI = 4 s data. The same correlation was also
found using average ISI = 30 s data, which also suggested signiﬁcant
correlation to the relative latency (Fig. 7). Speciﬁcally, inter-subject
variability is higher at locations further away from the horizontal
meridian (~4 to 6 ms/degree increase). We also found that, using
ISI = 30 s data, the relative latency and the distance from the

Fig. 5. Correlations between the absolute value of the relative latency and intra-subject latency variability (left) as well as between the absolute value of the relative latency and intersubject variability (middle). These two correlations were found signiﬁcant. Right: the signiﬁcant correlation between intra-subject and inter-subject latency variability. All plots were
based on data collected across ROIs in the left and right V1. The signiﬁcance of the correlation was quantiﬁed by R2 and p-value, which were both reported in the ﬁgure.
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Fig. 6. Correlation between relative latency (left), intra-subject variability (middle), and inter-subject variability (right) across ROIs in V1 to the logarithm of the eccentricity using data
with average ISI=4 s (top row) and average ISI=30 s (bottom row). Relative latency and inter-subject variability were both signiﬁcantly correlated to eccentricity.

Fig. 7. Correlation between relative latency (left), intra-subject variability (middle), and inter-subject variability (right) across ROIs in V1 to the polar angle distance to the horizontal
meridian using data with average ISI=4 s (top row) and average ISI=30 s (bottom row). Relative latency and inter-subject variability were both signiﬁcantly correlated to eccentricity.

with later time-to-peak and wider width in the BOLD signal are more
closely related to venous contribution. The signiﬁcant correlation
between the relative latency and the intra-/inter-subject variability
(Fig. 4) provided further empirical evidences that brain regions with
relative later responses may be closely related to more venous
contributions, which in turn caused larger variability in the response.
Brain areas with more venous contribution have three timing characteristics in its local hemodynamic response: longer latency, wider
BOLD signal peak, and larger timing variability.

supported our hypothesis, we believe that more sensitive and direct
measurements of venous structure, such as vascular density mapping
based on susceptibility-weighted imaging (Vigneau-Roy et al., 2014),
and vascular reactivity, such as using a breath-holding task (Chang
et al., 2008), may clarify the physiological origins of these timing
features more accurately. This will be explored in the near future.
Previously the correlation between the BOLD signal width (quantiﬁed by the full-width-half-maximum) and its time-to-peak has been
demonstrated (de Zwart et al., 2005). It was inferred that brain areas
6
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Fig. 8. Correlation between the image intensity and the relative latency (left), intra-subject variability (middle), as well as inter-subject variability (right) at V1. Relative latency and
intra-subject variability were signiﬁcantly correlated to the image intensity of SMS-InI data.

of attributing local vascular reactivity variance to neuronal activity
variance. The temporal bias and the instability of the fMRI signal
reported here may be diﬀerent between cognitive states (such as
attentional level), diseases, and development/aging. Further studies
are necessary to test this speculation. The physiological origins of
timing index distributions and their hemispheric asymmetry reported
here also remain to be investigated.
Limitations of our study include the use of relatively simple and
artiﬁcial stimuli to generate functional activity at the visual cortex.
Diﬀerent temporal characteristic of the BOLD signal may be derived
from experiments using diﬀerent stimuli, e.g., naturalistic faces and
landscapes. Diﬀerent functional areas and population groups may also
demonstrate distinct features. Encouraged by the acquisition/analysis
method and results reported here, we are optimistic in exploring the
correlation between ﬁne temporal features in the hemodynamic responses measured by high precision measurements and brain function.

In addition to attributing relative latency and BOLD signal stability
to vascular contribution, it is also possible that these timing characteristics can be related to neuronal activity. However, this speculation
cannot be conﬁrmed by our results, because we did not control local
vascular reactivity. Further experiments using measurements directly
sensitive to neuronal activity, such as EEG and MEG, may provide
necessary information.
The variability found here was smaller than the variability reported
in an earlier study: intra-subject variability was about 1.2 ± 2.1 s (Saad
et al., 2001). The diﬀerence may be due to that we speciﬁcally
examined the variability at V1 and V2, while the previous study
(Saad et al., 2001) examined the whole visual cortex. The diﬀerence
in the stimuli presentation (block design by Saad et al. vs. event-related
design in this study) and the data sampling method (2 s sampling rate
by Saad et al. and 0.1 s sampling rate in this study) may also be a
reason.
We want to clarify that the timing variability described in this study
was not the temporal uncertainty of single-trial responses. Note that, in
order to resolve the issues of low SNR in typical fMRI experiments and
overlapped hemodynamic responses elicited across randomized trials with
short inter-stimulus intervals, we developed a bootstrap approach to
estimate the variability of the evoked response elicited from 30 trials. This
uncertainty can become smaller for the evoked response elicited from
more trials or more subjects. Our results provided quantitative information about the ‘temporal eﬀective size’ in fMRI experiments to facilitate
the estimation of necessary stimulus trials, averages, and subjects.
Furthermore, these variability estimates can be applied to hierarchical
modeling of the fMRI analysis (Woolrich et al., 2004a, 2004b).
The choice of the 30° ﬂip angle in this study was based on the
calculation of the Ernst’ angle with TR = 0.1 s and T1 of 1 s. It has been
reported that T2*-weighted fMRI signal has contributions from both inﬂow eﬀects and BOLD contrast. The in-ﬂow eﬀects are more prominent
with stronger T1-weighting using a short TR and a large ﬂip angle (Gao
and Liu, 2012). In the future, we may further improve the functional
speciﬁcity of our measurements by using a smaller ﬂip angle.
Our results signify the advantage of measuring the BOLD signal
with high temporal precision. The regression analyses were enabled by
the data distributed over one second (Fig. 5). Thus our sub-second
sampling indeed delineated hemodynamic response features that have
been ignored by acquisitions with a sampling rate slower than 1 Hz.
Note that our method also has suﬃcient spatial resolution to discern
responses at diﬀerent locations in V1. While not directly demonstrated
in this study, our measurements on the variability of BOLD signal can
be important in understanding the limit of detecting the correlation
between hemodynamic and behavioral measurements (Aguirre et al.,
1998; D'Esposito et al., 1999; Handwerker et al., 2004; Huettel and
McCarthy, 2001). Speciﬁcally, such correlations between behaviors and
inter-/intra-regional evoked hemodynamic responses should consider
local temporal dispersion reported in this study in order avoid the bias
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