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In event-related (ER) BOLD-fMRI brain activation studies, understanding the relationship between the elicited
BOLD signal and its underlying neuronal activity is essential for any quantitative interpretation of the neural
events from the BOLD measurements. This requires a better understanding of the dynamic BOLD response.
Besides the neuronal activity-induced positive BOLD response, the dynamic response is also characterized by
a profound post-stimulus undershoot. The relationship between the positive response and the post-stimulus
undershoot, however, remains poorly understood. Earlier studies using block-design paradigms with long
stimulation durations (N10 s) do not suggest a quantitative relationship. Using an ER paradigm, this study
revealed a linear coupling between the positive BOLD response and the post-stimulus undershoot across the
human visual cortex. The voxelwise linear coupling across the visual cortex strongly supports a homogeneous
hemodynamic response in ER paradigms, though the BOLD response magnitude varies substantially over a
wide range across the visual cortex. Although underlying neuronal activity is responsible for a BOLD response,
the blood volume fraction affects the magnitude of the BOLD response; the larger the blood volume fraction,
the larger the magnitude. This effect needs to be accounted for in any quantitative interpretation of the BOLD
measurements. In the absence of nonlinear neuronal activities, the nonlinear vascular response renders the
estimated BOLD responses smaller in rapid presentation (RP) ER paradigms compared to that in ER
paradigms, and this reduction effect also needs to be considered when interpreting the estimated BOLD
responses in RP-ER paradigms. Interestingly, this nonlinear effect might be simply accounted for by a scaling
factor across the visual cortex.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Event-related (ER) BOLD-fMRI has been broadly used in brain
activation studies for detecting the BOLD responses to brief stimuli or
events and offers ameans for quantitatively investigating the relationship
between the elicited BOLD response and the corresponding neural event.
For a single event, the dynamic BOLD response reflects the temporal
evolution of the combined effect of the underlying physiological changes
accompanying the neuronal activity; after a small initial dip, the response
increases for a few seconds and then decreases to baseline, followed by a
post-stimulusundershootbefore returningback to thebaseline. The initial
dip, occurred during the first 2 s after stimulus onset and observed in
some experiments, was attributed to an initial increase in deoxyhemo-
globin that resulted from the increase in oxygen extraction prior to the
elicited dominant cerebral blood flow (CBF) and cerebral blood volume

(CBV) increases (Ernst and Hennig, 1994; Menon et al., 1995; Hu et al.,
1997). The positive BOLD response reflected an overall decreased
deoxyhemoglobin that resulted from the dominant increases in CBF and
CBV. The post-stimulus undershoot often lasts more than 20 s and can
persistup to1 minuteafter thepositive response (Frahmetal., 2008;Chen
and Pike, 2009). The mechanisms underlying the phenomenon are not
completely understood and have been attributed to possible undershoot
in CBF, persistent elevation of cerebralmetabolic rate of oxygen (CMRO2),
a delayed recovery of increased CBV, or a combination of these effects
(Buxton et al., 1998;Mandeville et al., 1999a,b; Luet al., 2004; Schroeter et
al., 2006; Devor et al., 2007; Frahm et al., 2008; Donahue et al., 2008;
Harshbarger andSong, 2008; Chen andPike, 2009; Sadaghiani et al., 2009;
Poseret al., 2011).Although theexistenceof thepost-stimulusundershoot
for both block-design and ER paradigms is indisputable, it is an open
question whether there exists a quantitative relationship between the
positive response and the post-stimulus undershoot in an ER paradigm.
For an ER paradigm, understanding this relationshipmay provide insights
for better understanding the underlying neurovascular coupling between
the neuronal activity and the corresponding vascular responses. It may
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also provide insights for a better understanding of the relationship
between the neuronal activity and the BOLD responsemeasurements that
is essential for a quantitative interpretation of the former from the latter.

Most of the studies on the origins of the post-stimulus undershoot
utilized typical block-design paradigms with stimulation durations
longer than 10 s. For block-design paradigms, the BOLD response reflects
a combined effect of the underlying physiological changes in CBF, CBV,
and CMRO2, and these changes may be initially decoupled and then
recoupledduring thestimulationperiod (Frahmet al., 1996;Krüger et al.,
1996). The post-stimulus undershoot may reflect a continued dynamic
interplay of these physiological changes after the cessation of the
stimulation. Furthermore, the coupling between the changes of neural
activity, CBF, CBV, and CMRO2might also depend on the type of stimulus
pattern (Krüger et al., 1998; Hoge et al., 1999). Due to the complex
interplay of these temporal physiological changes during the stimulation
period and after the cessation of the stimulation, there may not exist a
quantitative relationship between the positive BOLD response and the
post-stimulus undershoot in block-design paradigms. Hoge et al. (1999)
and Chen and Pike (2009) found that the post-stimulus undershoot is
almost independent of the visual stimulus strength while the positive
BOLD response increases with the stimulus strength. Zhao et al. (2008)
studied the BOLD response as a function of forepaw stimulation
frequencies in anesthetized rats and found that the positive BOLD
response depended strongly on stimulation frequencies while the post-
stimulus undershoot did not, consistent with the results in Hoge et al.
(1999) and Chen and Pike (2009). Sadaghiani et al. (2009) found the
independence of the undershoot to the positive BOLD response in a
block-design paradigmwith a stimulation duration of 180 s. In addition,
heterogeneous undershoot responses were observed across the human
cortex in block-design paradigms (Chen et al., 1998; Harshbarger and
Song, 2008; Donahue et al., 2009). It also remained controversial as to
whether the ratio between undershoot and positive BOLD response
varies across cortical layers (Yacoub et al., 2006; Zhao et al., 2007; Jin and
Kim, 2008). For an ERparadigm, however, the short neural event induces
transient physiological changes that might be tightly coupled together,
resulting in a possible quantitative relationship between the post-
stimulus undershoot and the positive BOLD response. Despite this
anticipation, to the best of our knowledge, no study in the literature has
investigated this relationship. Furthermore, the BOLD response magni-
tude in a voxel depends not only on the underlying neuronal activity but
also on the blood volume fraction (Obata et al., 2004; Ogawa et al., 1993).
It remains unknown how the blood volume fraction might affect the
possible relationship between the positive BOLD response and the post-
stimulus undershoot.

In traditional ER paradigms, each stimulus is presented briefly,
followed by a long rest period to allow the hemodynamic response to
return back to the baseline. Rapid-presentation (RP) ER paradigms
were proposed to dramatically increase the number of trials presented
within a limited scanning time and consequently to significantly
improve the measurement efficiency for the BOLD response (Dale and
Buckner, 1997; Dale, 1999). In RP-ER paradigms, stimuli are presented
with inter-stimulus intervals much less than the time required for the
hemodynamic response returning back to the baseline. The BOLD
responses to the stimuli are usually estimated with a general linear
model assuming linear superposition of BOLD responses to subsequent
stimuli and a time-invariant BOLD response to each stimulus (Friston
et al., 1995; Boynton et al., 1996). However, numerous studies have
revealed that the BOLD response is nonlinear (Boynton et al., 1996;
Vazquez and Noll, 1998; Friston et al., 1998; Zhang et al., 2008; Wager
et al., 2005; Miller et al., 2001; Liu and Gao, 2000; Huettel and
McCarthy, 2000; Inan et al., 2004; Birn and Bandettini, 2005). The
source of BOLD nonlinearity could come from either nonlinear
neuronal activities and/or nonlinear vascular responses (Birn and
Bandettini, 2005; Zhang et al., 2008). In the absence of nonlinear
neuronal activities, a recent study demonstrated the vascular origin of
the BOLD nonlinearity (Zhang et al., 2008). Despite numerous studies

on the BOLD nonlinearity, there are very few studies to investigate its
effect to the estimated BOLD responses in RP-ER paradigms (Heckman
et al., 2007; Zong and Huang, 2010). In particular, in the absence of
nonlinear neuronal activities, it is not clear how the estimated BOLD
response is affectedby thenonlinear vascular response across different
stimulus conditions and whether the effect is spatially homogeneous
or heterogeneous across the human cortex. Understanding these
effects is critical for any quantitative interpretation of the estimated
BOLD responses in RP-ER experiments.

This paper consists of two parts. In the first part we study the
relationship between the post-stimulus undershoot and the positive
BOLD response in an ER experiment and the effect of blood volume
fraction to this relationship. In the second part we study the effect of
nonlinear vascular response to the estimated BOLD response in a RP-ER
experiment.

Methods and materials

Subjects

Six neurologically normal subjects (ages from 20 to 59) partici-
pated in the study. The Institutional Review Board at Michigan State
University approved the study, and written informed consent was
obtained from all subjects prior to the study. There were two different
functional imaging sessions: I and II. All subjects participated in
session I, and three of them also participated in session II on 2 separate
days.

Functional imaging session I and II

Session I consisted of three protocols: (1) a standard retinotopic
mapping protocol; (2) an ER activation protocol (Fig. 1, middle
panel); and (3) a resting-state fMRI protocol. The retinotopic mapping
protocol comprised two scans: one used a rotating wedge and the
other an expanding/contracting ring. The wedge expanded 30 degree
angle and the ring had a width of 0.76 degree. Both wedge and ring
were black-and-white checkerboard patterns and contrast reversed at
a rate of 10 Hz. The wedge started from the lower vertical meridian in
the visual field, rotated around the center, and completed one full
cycle every 24 s. It first rotated clockwise for 5 cycles and then rotated
counter-clockwise for 5 cycles. The ring first dilated for 5 cycles then
contracted for 5 cycles. It completed one cycle in 24 s, same as the
wedge rotation. The phase information of the phase-encoded polar
coordinate (wedge) and eccentricity coordinate (ring) was used for
delineating visual areas (Sereno et al., 1995; Wandell et al., 2007).

The ER activation protocol was comprised of five scans, and each
scan lasted 6 minutes and 8 s. Subjects were presented two visual
stimuli consisting of a black-and-white polar checkerboard pattern
(circular shape with a diameter of 18.1 degree) with two different
Michelson contrasts: 12% and 98% (mean luminance of 110 cd/m2)
(Fig. 1, top panel). (The curve of luminance versus stimulus digital
value was measured using a luminance meter (Konica Minolta
Sensing Americas, Inc., Ramsey, NJ) to find the proper digital values
for the Michelson contrast of 12% and the mean luminance.) For each
trial, one stimulus was presented for 2 s and contrast reversed at a
rate of 10 Hz, followed by 44 s of blank screen with the mean
luminance of the stimuli. Each scan had 4 trials for each stimulus
presented in a pseudo-random order.

The resting-state fMRI protocol comprised three 184 s long scans
for measuring MR signal intensity fluctuations at resting-state
without stimulation presentation. The first two scans had the same
spatial locations (16 slices) and temporal resolution (TR=1 s) as the
above two protocols: one with eyes-closed and the other with eyes-
opened. The subjects were asked to not think anything during the
eyes-closed scan. For the eyes-opened scan, the subjects were asked
to fixate on a mark at the center of the otherwise blank screen. The
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third scan had a higher temporal resolution of TR=250 ms, but with
only 4 slices at the same locations as the central 4 slices of the above
16 slices. This high-temporal resolution scan avoided any possible
aliasing effects of the cardiac pulsation- and respiration-induced
changes to the MR signal. The subjects were also asked to fixate on a
mark at the center of the otherwise blank screen during the scan.

Functional imaging session II consisted of the last two protocols in
session I plus a RP-ER activation protocol (Fig. 1, bottom panel). The
RP-ER activation protocol was comprised of three 240 s long scans.
The three RP-ER scans were randomly intermixed with the five ER
activation scans, and the same two stimuli were used in all these
scans. Each stimulus was presented for 1.6 s in both the ER scans and
the RP-ER scans. During the RP-ER scans, the minimum inter-stimulus
interval was chosen to be 400 ms that minimized both the forward
and the backward masking effects (i.e., nonlinear neuronal activities)
between any two consecutive stimuli (Macknik and Livingstone,
1998; Huang et al., 2006). In each RP-ER scan, each stimulus was
presented 20 times, resulting in a mean inter-trial interval of 6 s. The
stimulus presentation pattern was chosen as the one with the
maximum efficiency among 100 randomly generated patterns with
the constraint of a minimum 2 s stimulus-onset asynchrony (the
interval between the onsets of any two stimuli) (Liu and Frank, 2004).
For a given stimulus presentation pattern, a 120×33 design matrix
(X) was constructed for computing the efficiency of the pattern. The
120 rows in the design matrix represent the 120 time points for each
240 s RP-ER scan (assuming a TR of 2 s instead of 1 s for dramatically
improving the computing efficiency). The 33 columns comprised 15
columns of shifted binary stimulus patterns for each stimulus type
plus 3 columns that modeled a second order polynomial for the
baseline signal (Liu and Frank, 2004). (The hemodynamic response
duration was assumed to be 30 s, and the response remained
invariant from trial to trial.) The efficiency was computed as the
inverse of the sum of the first 30 diagonal terms of the variance–
covariance matrix (XTX)−1.

To maintain the subjects' fixation and attention during all
functional scans except the eyes-closed scan, the color of the fixation
mark at the center of the visual field randomly changed among red,
green, and blue. Time duration between any two consecutive changes
varied randomly from change to change, and the mean duration was
3 s for the whole scan. The subjects were instructed to respond to the
three colors by pressing three different buttons. The subjects'
responses were recorded and used for off-line analysis. The mean
correct response rate in a session ranged from 78% to 95% with mean
response times in the range of 710–1070 ms.

At the end of each session, T1-weighted whole-brain images were
also acquired. These imageswere used to reconstruct a cortical surface
model for retinotopic mapping analysis. For these three subjects who
had both session I and session II, these whole-brain images from the

two sessions were also used to co-register each other for each subject,
respectively.

Image acquisition

Functional brain images covering the visual cortex were acquired
on a GE 3.0 T scanner using a gradient echo Echo-Planar-Imaging pulse
sequence. Except the resting-state scan with the 250 ms temporal
resolution, all scans had a field of view covering the whole occipital
cortex with the following parameters: TE/TR=27.9/1000 ms, flip
angle 60°, in-plane FOV 23×23 cm2, matrix 64×64, slice thickness
4.0 mm, 16 slices in the axial plane. The 250 ms temporal resolution
scan was acquired with TE/TR=27.9/250 ms, flip angle 30°, 4 slices in
the axial plane with the same matrix and the slice thickness as above.
The 4 slices were chosen at the same locations as the central 4 slices of
the 16 slices in the other scans and covered a large part of the calcarine
sulcus. The stimulation presentation was controlled by a PC equipped
with the Psychophysics Toolbox extension for Matlab (Brainard,
1997). The visual stimuli were projected onto a vertical screen placed
inside themagnet bore using a custom-made projection systemwith a
23°×30° visual field angle placed at the back of the magnet room. The
projection system was connected to the PC outside the scanner room
via an optical fiber. Subjects viewed the stimuli through a mirror
attached to the MRI head coil. Image acquisition was synchronized
with the stimulus presentation. A BrainLogics Fiber Optic Button
Response System with a pair of 5-button MR-compatible keypads
(Psychology Software Tools, Inc., Pittsburgh, PA) was used to record
subjects' responses. The respiration and cardiac pulsation signals were
recorded using a pneumatic belt placed around the subject's upper
abdomen and a pulse oximeter attached on the subject's left index
finger, respectively, for all subjects except one in session I. For the
participants who needed vision correction, MRI-compatible lenses
were used. T1-weighted whole-brain MR images were acquired using
a 3D inversion-recovery spoiled gradient recalled (IR-SPGR) pulse
sequence with a spatial resolution of 0.90×0.90×2.0 mm3.

Image preprocessing

Image preprocessing of the functional imageswas performed using
AFNI (http://afni.nimh.nih.gov/afni), including (1) slice-timing cor-
rection of the image acquisition time difference from slice to slice; (2)
motion correction of the images to align all volume images from all
scans to the very last volume images of 16 slices of the very last
functional scan; (3) voxelwise normalization of a signal intensity time
course by dividing it with itsmean signal intensity value for each scan;
and (4) voxelwise temporal drift correction to remove slow linear and
second order baseline shifts in the signal intensity time course. After

Fig. 1. An illustration of the stimuli, the event-related (ER) paradigm, and the rapid presentation (RP) ER paradigm. The black bar represents the 98% contrast stimulus and the gray
bar the 12% contrast stimulus.
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the preprocessing steps, further image analysis was carried out using
in-house developed Matlab-based software algorithms.

Retinotopic mapping

The phases of the periodic activation corresponding to the spatial
locations of the rotating wedges and the dilating/contracting rings were
obtained by discrete Fourier transformation (DFT) analysis of the signal
intensity time courses for the two stimuli in each moving condition
(counter-clockwise or clockwise rotating for wedges and contracting or
expanding for rings). Considering that it takes one cycle of stimulation to
initiate a BOLD response for each spatial location, the periodic BOLD
response for all spatial locations starts from the beginning of the second
cycle. Accordingly, for each moving condition, the images acquired
during the first cycle were excluded from the DFT analysis to avoid this
stimulus onset effect. The phase uncertainty due to the time delay of
BOLD responses was removed by subtracting the phase during the
counter-clockwise rotation of the wedge from that during the clockwise
rotation, and it is the same for the expansion and contraction of the rings
(Serenoet al., 1995). The retinotopicmaps of polar angle and eccentricity
were visualized using SUMA (http:/afni.nimh.nih.gov/afni/suma) on the
cortical surface. (Each subject's cortical surface was first reconstructed
from the subject's T1-weighted high-resolution whole brain images
using FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/), and
then viewed in AFNI via SUMA.) The borders of visual areas were
manually drawn, based on phase reversals in the polar angle map, and
the visual areas (V1, V2, V3, V3A, and V4) were identified for each
hemisphere. These surface visual areas were represented as intercon-
necting surface nodes in FreeSurfer and were used for constructing the
3D volume masks corresponding to the visual areas. For each surface
node in a visual area, a 3 mm line segment perpendicular outward to the
surface of the white/gray matter boundary was generated in 3D image
space andused to examinevoxels for constructing a3Dvolumemask. For
a given voxel, the intersections of the voxel with all segments from the
visual areas were first examined and then the voxel was assigned to the
visual area with the most segments intersected by the voxel. Voxels not
intersectedwith any segmentwere excluded from the 3Dvolumemasks.

Activation analysis

Functional images from the five ER scans were sorted according to
the stimulus contrast and then concatenated to form a time course (a
total of 920 time points) including all trials for each contrast,
respectively. For each contrast, the correlation coefficient (CC)
between the concatenated time course and an ideal hemodynamic
response function was computed voxel-by-voxel. The ideal response
function is a gamma density function f(t)= tδexp(− t/τ) with δ=9.0,
τ=0.7, and t in units of second (Boynton et al., 1996). Activated
voxels were determined as those with CCN0.11 (p=0.0008 with the
920 time points, no correction for multiple comparisons) for both
contrasts. For each activated voxel, a mean signal change time course
was obtained by averaging the signal change time courses over all the
trials of the same contrast. The peak height of the mean signal change
time course was computed as the mean of the three neighboring data
points around the peak, and the undershoot depth was computed as
the mean of the five neighboring data points around the bottom. All
activated voxels within each visual area were included to form a
region of interest (ROI) for that area, and a ROI averaged signal change
time course was further computed by averaging the mean signal
change time courses over all the voxels within the ROI.

To accurately determine the response peak height and the
undershoot depth requires an accurate determination of the signal
intensity baseline for each trial. However, unexpected large signal
changes could occur during the baseline periods for some trials
though the sources for the changes may not be known (e.g., sudden
head movements, large local physiological changes, etc.). Including

these trials would alter the baseline and consequently yield additional
errors to the measurements of peak height and undershoot depth. To
identify these trials, a mean signal intensity time course over the
activated voxels for each trial was first computed and then visually
examined. Comparing to the response peak height, a trial showing a
comparable size of signal changes during the undershoot and baseline
period was excluded from further analysis. As a result, the percentage
number of excluded trials was 0%, 0%, 5%, 17.5%, 25%, and 42.5%,
respectively, for the six subjects in imaging session I. In imaging
session II, the values were 7.5%, 10%, and 25%, respectively, for the
three subjects. Our analysis showed that all the main conclusions
remained the same with or without excluding these trials, though the
variations were smaller for the former than the latter.

Blood volume fraction index

Since MR signal intensity in large vessels is relatively low due to
the short transverse relaxation time of blood water and variation is
high due to substantially large physiological noise, the ratio of the
standard deviation (SD) to the mean of MR signal intensity time
courses provides a measure for differentiating voxels containing large
vessels from those containingmicrovasculature (Zhang et al., 2008). A
voxelwise blood volume fraction index (υ) was computed for both the
ER and resting-state scans. For the ER scans, the SD of the baseline
period (the last 7 time points of 40–46 s from the stimulus onset) was
computed first for each trial, and then the index υ was computed as
the root mean square of the SDs for all trials for each contrast,
respectively. For each of the two resting-state scans with the same
temporal resolution as that of the ER scans, the index υwas computed
as the SD of the normalized signal intensity time course. To compare
the BOLD response in voxels containing large vessels with those
containing microvasculature, for each subject, the median value
(υmedian) of the indices for all activated voxels in each visual area was
used for differentiating voxels containing large vessels (υNυmedian)
from those containing microvasculature (υbυmedian).

Functional images of the resting-state scanwith the high-temporal
resolution (TR=250 ms) were used to test the effects of cardiac
pulsation and respiration to the blood volume index. The index was
computed in the same way above for the resting-state scans, one with
corrections of cardiac pulsation- and respiration-induced changes to
the MR signal intensity time courses and one without. The cardiac
pulsation- and respiration-induced signal changes were corrected
using the 3dretroicor program in AFNI with the individually recorded
cardiac pulsation and respiration signals (Glover et al., 2000).

Effects of nonlinear BOLD response in the RP-ER paradigm

In a RP-ER paradigm, the BOLD responses to the stimuli are
estimated with the assumption of linear BOLD responses. Further-
more, these responses are also assumed to last for a certain period of
time (e.g., 20 s) and to remain invariant from trial to trial. The
measured MR signal intensity at each time point is assumed to be the
sum of the magnitudes of the BOLD responses to all stimuli at that
time point plus the baseline signal intensity and noise, providing a
means for estimating the BOLD response to each stimulus. A linear
BOLD response should yield an estimated BOLD response which is the
same as that obtained from the ER paradigm. Accordingly, the
difference between the estimated BOLD response of the RP-ER
paradigm and the BOLD response of the ER paradigm signifies the
magnitude of the nonlinear effect of the BOLD response in the RP-ER
paradigm. In addition, the assumed duration length (e.g., 20 s) for the
BOLD response may also affect the estimated BOLD response. In this
study we examined these effects using functional images from
imaging session II. Functional images from the three RP-ER scans
were concatenated to form a time course, and then the voxelwise time
course was analyzed with the least-squares fitting method using the
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3dREMLfit function in AFNI to yield an estimated BOLD response to each
stimulus. Due to the 1 s temporal resolution of the signal intensity time
course, a design matrix size of 720×(2n+9) was used in the least-
squaresfitting,wheren represents the hemodynamic response duration
length. Three different duration length of 20, 30, and 40 were used for
testing thedurationeffect. (The last 9 columns in thedesignmatrixwere
used to model a second order polynomial for the baseline signal.)
Functional images of the five ER scans in imaging session II were
analyzed in the same way as that in imaging session I described above.
Activated voxels were defined as those with the estimated BOLD
responses significantly different from the baseline (F-test, F(80, 631)N
1.63, uncorrected pb0.0008 with a 40 s duration length) and also
activated in the ER paradigm.

Results

Correlation of undershoot with BOLD response in the ER paradigm

Functional images from the five ER scans in imaging session I were
analyzed to yield the BOLD responses to the 12% and 98% stimulus
contrasts in each visual area. The upper panel in Fig. 2 shows themean
BOLD responses to the two contrasts in V1, V2, and V3, respectively.
For this ER paradigm, the typical BOLD response reached a peak at ~7 s
after the stimulus onset, independent of the stimulus contrast and the
visual area. The BOLD response also showed a clear undershoot in
each visual area for both contrasts; it started at ~12 s after the
stimulus onset and returned to the baseline at about 35 s. The bottom
panel in Fig. 2 shows the peak heights of the responses in the visual
areas for the two contrasts (left); the corresponding undershoot
depths (middle); and the ratios of the undershoot depths and the
peak heights (right). The response peak height for the 98% contrast
was significantly larger than that for the 12% contrast in each visual
area (maximal p=0.04; two tail, paired t-test), reflecting the larger

neuronal activity evoked by the larger contrast (Göpfert et al., 1999;
Hall et al., 2005). The undershoot depth was generally larger at the 98%
contrast compared to the 12% contrast. Generally speaking, both
response peak height and undershoot depth decreased from V1 to V3
(Fig. 2, bottom panel, left and middle). However, the ratio of the
undershoot depth to the peak height remained at a similar level across
the visual areas for both contrasts (Fig. 2, bottom panel, right),
suggesting a correlation of the undershoot with the positive BOLD
response in the ER paradigm that is independent of the visual area and
the stimulus contrast. For the 98% contrast, themean and SD of the ratio
was −0.37±0.13, −0.41±0.18, and −0.38±0.19 in V1, V2, and V3,
respectively. It was −0.31±0.08, −0.37±0.20, and −0.43±0.28 in
V1, V2, and V3, respectively, for the 12% contrast. The mean ratios for
the two contrasts showed no significant difference in any of the visual
areas (p values ranged from 0.25 to 0.64), suggesting a more
homogeneous rather than a heterogeneous BOLD response across the
visual areas in the ER paradigm.

We analyzed the correlation of the undershoot with the positive
BOLD response in a visual area using all activated voxels within the
area. For a representative subject, the top panel in Fig. 3 shows the
scatter plots of the undershoot depth versus the peak height in the
three visual areas for the 98% contrast, and the middle panel shows
the scatter plots for the 12% contrast, respectively. For each subject,
the undershoot depth was found to be significantly correlated with
the peak height in all visual areas for both contrasts (pb0.004,
except for V3 in one subject where p=0.21). For the 98% contrast,
the group (n=6) mean and SD of CC were 0.77±0.13, 0.63±0.21,
and 0.60±0.28 in V1, V2, and V3, respectively. Correspondingly,
these values were 0.47±0.15, 0.44±0.21, and 0.50±0.13 for the
12% contrast, relatively smaller than those for the 98% contrast.
These smaller CC values most likely reflected their corresponding
smaller values of peak height and undershoot depth since the noise
should remain at the same level for both contrasts. In each visual

Fig. 2. Visual area BOLD response in the ER paradigm. Top panel: mean signal change time course in V1, V2, and V3 in response to the checkerboard stimuli at 98% and 12% contrasts,
respectively. The gray vertical bar represents the stimulation period. The error bar denotes the standard error of the mean. Bottom panel: mean response peak heights (left); mean
post-stimulus undershoot depths (middle); and the ratios of the undershoot depths and the peak heights in the three visual areas, respectively (*maximal p=0.04).
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area, the distribution of undershoot versus peak heightwasfittedwith a
straight line of y=ax+b, where x was the peak height, y was the
undershoot depth, a was the slope, and b was the intercept (Fig. 3, top
and middle panels, solid lines). The group mean and SD of the slope
were 0.30±0.11, 0.25±0.12, and 0.25±0.14 at the 98% contrast in V1,
V2, and V3, respectively. These values were 0.18±0.09, 0.18±0.10, and
0.25±0.16 for the 12% contrast. The group mean and SD of the intercept
were 0.14±0.12, 0.17±0.18, and 0.10±0.08 at the 98% contrast in V1,
V2, and V3, respectively. These values were 0.14±0.04, 0.17±0.08, and
0.14±0.10 for the12%contrast. Considering the contrast as one factor and
the visual area as another factor, a two-way ANOVA test for the slopes
showed no significant difference in the slope across the area (p=0.80)
and the contrast (p=0.13) as well as the interaction between them
(p=0.45). Similarly, a two-way ANOVA test for the intercepts showed no
significant difference in the intercept across the area (p=0.57) and the
contrast (p=0.69) as well as the interaction between them (p=0.87).
These results further support a more homogeneous rather than a
heterogeneous BOLD response across the visual areas in the ER paradigm.

We further analyzed the correlation of the BOLD response to the
12% contrast with that to the 98% contrast. For the representative
subject, the bottom panel in Fig. 3 shows the scatter plots of the
former versus the latter in V1, V2, and V3, respectively. These two
responses were strongly correlated with each other in each visual area
for all subjects (maximal p=2.3×10−6). Themean and SD of CCwere
0.88±0.11, 0.87±0.16, 0.84±0.15 in V1, V2, and V3, respectively.
The solid line in each figure in the bottom panel in Fig. 3 represents

the least-squares fitting of the distribution in that figure, and its slope
and intercept were computed. The mean and SD of the slope were
0.67±0.23, 0.70±0.26, and 0.66±0.27 in V1, V2, and V3, respec-
tively. These values are very similar and showno significant difference
across the visual areas (F-test; p=0.95). The mean and SD of the
intercept were 0.08±0.14 (%), 0.11±0.15 (%), and 0.15±0.15 (%) in
V1, V2, and V3, respectively, and they do not differ significantly from
zero (pN0.06) in all the visual areas. These results further support the
homogeneous BOLD response across the visual areas in the ER
paradigm, though the response magnitude varied substantially across
each visual area. They also suggest that the magnitude of the BOLD
response of the 12% contrast was proportional to that of the 98%
contrast, implying that the ratio of the two responses was the same
across all the activated voxels within each visual area.

Effect of blood volume fraction to BOLD response in the ER paradigm

Despite the homogeneous BOLD response across the visual areas,
the magnitude of the BOLD response varied substantially over a wide
range as evidenced in Fig. 3. To examine the effect of blood volume
fraction on the BOLD response, we analyzed the correlation of the
response peak height with the blood volume fraction index. We first
tested the correlations of the indices measured under the four
different activation conditions: the ER activation for the 12% contrast,
the ER activation for the 98% contrast, the resting-state scan with
eyes-closed, and the resting-state scan with eyes-opened (details see

Fig. 3. Correlations of post-stimulus undershoot depth with response peak height of the activated voxels in V1, V2, and V3, respectively, in a representative subject for the 98%
contrast (top panel) and the 12% contrast (middle panel) in the ER paradigm. The straight line in each figure represents the least-squares fitting of the corresponding scatter plot.
Bottom panel: correlation of response peak heights between the two contrasts in V1, V2, and V3, respectively, for the same subject. (CC: correlation coefficient; *maximal
p=3.5×10−9; **maximal p=2.3×10−53).
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Blood volume fraction index under Methods and materials). The index
for the 12% contrast was strongly correlated with that for the 98%
contrast in each visual area for each subject (maximal
p=1.0×10−17). The group (n=6) mean and SD of the CC were
0.95±0.03, 0.93±0.06, and 0.89±0.11 in V1, V2, and V3, respec-
tively. Fig. 4(A) shows a scatter plot in V1 in a representative subject,
demonstrating this strong correlation. The solid line on the figure
represents the least-squares linear fitting of the distribution. The
mean and SD of the slope of the line were 0.97±0.06, 1.06±0.19, and
1.02±0.22 in V1, V2, and V3, respectively. These values are very close
to one and show no significant difference from one in any of the visual
areas (pN0.23, t-test). The mean and SD of the intercept were 0.06
±0.04, 0.02±0.06, and 0.05±0.11 in V1, V2, and V3, respectively,
very close to zero. Accordingly, the index remained at the same level
for both contrasts, showing the independence of the index to the
contrasts. The index for the eyes-closed resting state condition was
also found to be strongly correlated with that for the 98% contrast in
the visual areas for all six subjects (maximal p=1.1×10−17) with CC
values of 0.85±0.07, 0.82±0.08, and 0.87±0.03 in V1, V2, and V3,
respectively. Fig. 4(B) illustrates this strong correlation in V1 in the
representative subject. The index for the eyes-opened resting state
condition was also strongly correlated with that for the 98% contrast,
and the CC values were 0.85±0.09, 0.82±0.10, and 0.86±0.05 in V1,
V2, and V3, respectively (data not shown). All the four different
activation conditions yielded similar results, showing the indepen-
dence of the measured index to the activation conditions. Then, the
response peak height was found to be positively correlated with the
index in each visual area for each contrast and each subject (maximal
p=3.5×10−9), showing that the BOLD response increased with
increasing the blood volume fraction. Fig. 4(C) illustrates this
correlation in V1 in the representative subject. For the 98% contrast,
the mean and SD of the CC were 0.65±0.12, 0.66±0.14, and 0.72
±0.13 in V1, V2, and V3, respectively. Correspondingly, these values
were 0.71±0.10, 0.68±0.14, and 0.72±0.13 for the 12% contrast.
The significantly positive correlation of the response peak height with
the index shows that the blood volume fraction affects the BOLD
response in the ER paradigm—the larger the blood volume fraction,
the larger the BOLD response.

To compare BOLD responses in voxels containing large vessels
(υNυmedian) with those containing microvasculature (υbυmedian), a
mean response was computed in each visual area for each contrast,
respectively. Fig. 5(A) shows the group averaged (n=6) signal
change time courses at the 98% contrast in V1 for the large vessel and
the microvasculature, respectively. The response for the large vessel
was almost twice as that for the microvasculature, consistent with the

positive correlation of the response peak height with the index. As
expected the undershoot depth for the former was also almost twice
as that for the latter, reflecting the strong correlation of the
undershoot depth with the response peak height. To further analyze
these responses, the signal change time courses were normalized by
dividing them with their corresponding peak heights (Fig. 5(B)). The
normalized BOLD response for the large vessel was almost identical to
that for the microvasculature, though the former was slightly delayed
~1 s relative to the latter, further supporting the homogeneous BOLD
response in the ER paradigm. Similar behaviors were observed for the
BOLD responses in all the visual areas for both contrasts.

To test the effects of cardiac pulsation and respiration to the blood
volume fraction index, we first computed the index for the high-
temporal resolution (TR=250 ms) scan with and without the
correction of cardiac pulsation- and respiration-induced changes to
the MR signal intensity time course, respectively. Then, we analyzed
the correlation of these two indices for the five subjects whose cardiac
pulsation and respiration signals were recorded. They were strongly
correlated with each other for each subject (maximal
p=1.3×10−81), and the group (n=5) mean and SD of the CC were
0.98±0.01. Fig. 6(A) illustrates this correlation in a representative
subject. The solid line on the figure represents the least-squares linear
fitting of the distribution. The mean and SD of the intercept of the line
were 0.05±0.06, not significantly different from zero (p=0.168). The
mean and SD of the slope, however, were 0.88±0.09, significantly
different from one (p=0.038), showing that the cardiac pulsation and
respiration corrections reduced the calculated blood volume fraction
index value by 12% compared to that without the corrections. We also
analyzed the correlation of the index for the high-temporal resolution
scan with that for the low-temporal resolution (TR=1 s) scan (eyes-
opened) and found that they were also strongly correlated with each
other for each subject (maximal p=9.8×10−25). The group (n=5)
mean and SD of the CC were 0.88±0.01. Fig. 6(B) illustrates this
correlation in the representative subject. The mean and SD of the
intercept of the line were 0.07±0.07, not significantly different from
zero (p=0.10). The mean and SD of the slope were 0.68±0.07,
significantly different from one (p=0.001), showing that the
calculated blood volume fraction index value for the low-temporal
resolution scan was smaller than that for the high-temporal
resolution scan.

Effects of nonlinear BOLD response in the RP-ER paradigm

Prior to the analysis of the effect of nonlinear BOLD response in the
RP-ER paradigm, we analyzed the BOLD responses to the stimuli in the

Fig. 4. Correlations among blood volume fraction indices under different activation conditions in a representative subject. (A) Correlation of blood volume fraction indices between
the two contrasts in V1. The strong correlation shows the independence of the measured index ν to the stimulus contrasts. (B) Correlation of blood volume fraction indices between
the eyes-closed resting-state scan and the 98% contrast in V1. The strong correlation shows the independence of the measured index ν to the activation conditions. (C) Correlation of
BOLD response peak height with blood volume fraction index at 98% contrast in V1. The positive correlation shows that the blood volume fraction affects the BOLD response—the
larger the blood volume fraction, the larger the magnitude of the BOLD response. The solid line in each figure represents the least-squares fitting of the scatter plot. (CC: correlation
coefficient; *pb8.7×10−36; **pb2.5×10−78).
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ER scans from imaging session II for the three subjects. The mean
BOLD responses in the three visual areas are plotted in Fig. 7; the black
solid lines in top panel for the 98% contrast and bottom panel for the
12% contrast, respectively. These responses are similar to those in the
ER paradigm from imaging session I (top panel in Fig. 2), demon-
strating the reproducibility and the reliability of these responses in
the ER paradigm.

For the RP-ER paradigm, the BOLD response to each stimulus was
estimated for each subject. Themean estimated responses for all three
subjects are plotted in Fig. 7 for comparison with the responses in the
ER paradigm. The peak height of this estimated response was smaller
than the response peak height in the ER paradigm in each visual area
for each stimulus contrast, reflecting a reduction effect of the
nonlinear hemodynamic response to the estimated BOLD response
in the RP-ER paradigm. Fig. 8(A) shows the reduced mean estimated
response peak heights for the RP-ER paradigm compared to the mean
response peak heights for the ER paradigm. This reduction effect was
also observed in several RP-ER or paired-stimulus ER studies with
closely spaced stimuli (Huettel and McCarthy, 2000; Inan et al., 2004;
Heckman et al., 2007; Zong and Huang, 2010). Although the peak
heights of the estimated responses for the RP-ER paradigm were
reduced in each visual area for both contrasts, the ratio of the peak
height between the RP-ER paradigm and the ER paradigm remained at

a very similar level in all the visual areas for both contrasts (Fig. 8(B),
left), demonstrating a more homogeneous rather than a heteroge-
neous reduction effect of the nonlinear hemodynamic response to the
estimated BOLD responses in the RP-ER paradigm. The ratio of the
peak height between the 12% contrast and the 98% contrast also
remained at a similar level in all the visual areas for both paradigms
(Fig. 8(B), right), providing further evidence supporting the homo-
geneous reduction effect of the nonlinear hemodynamic response to
the estimated responses in the RP-ER paradigm. Interestingly, in each
visual area for each stimulus contrast, the peak height of the estimated
response was almost the same for the three different duration length
of 20 s, 30 s, and 40 s, though the BOLD response was clearly not
returned back to the baseline for the short duration of 20 s (Fig. 7).
This result showed that in the RP-ER paradigm the assumed duration
length for the BOLD response has a negligible effect on the peak height
of the estimated BOLD response as long as the assumed duration
length is reasonable (e.g., 20 s).

We analyzed the correlation of the peak heights of the estimated
responses between the two contrasts using all activated voxels in each
visual area. For a representative subject, the top panel in Fig. 9 shows
the scatter plots of the peak height of the estimated response at the
12% contrast versus that at the 98% contrast in V1, V2, and V3,
respectively. These peak heights were significantly correlated with
each other in each visual area for each subject (maximal
p=4.2×10−17). The group averaged (n=3) CC values were 0.96±
0.02, 0.95±0.02, 0.97±0.01 in V1, V2, and V3, respectively, similar as
those for the ER paradigm (Fig. 3, bottom panel). Furthermore, the
estimated response peak height for the RP-ER paradigm was
significantly correlated with the response peak height for the ER
paradigm in each visual area for each contrast and each subject
(maximal p=8.4×10−16). The bottom panel in Fig. 9 illustrates these
correlations for the representative subject. For the 98% contrast, the
mean and SD of the CC were 0.94±0.02, 0.88±0.09, and 0.94±0.06
in V1, V2, and V3, respectively. These values were 0.89±0.04, 0.89±
0.03, and 0.94±0.02 for the 12% contrast. The black solid line in each
figure in the bottom panel in Fig. 9 represents the least-squares linear
fitting of the distribution for the 98% contrast. Correspondingly, the red
dashed line represents the least-squares linear fitting of the distribution
for the 12% contrast. For the 98% contrast, the slope of the fitted linewas
0.85±0.07, 0.79±0.03, and 0.83±0.05 in V1, V2, and V3, respectively.
These values were 0.67±0.04, 0.68±0.03, and 0.75±0.05 for the 12%
contrast. These slope values are less than one, reflecting the reduction
effect of the nonlinear hemodynamic response to the estimated BOLD
responses in the RP-ER paradigm. The highly significant correlations of
the estimated responses of the RP-ER paradigm with the responses of

Fig. 5. Effects of the blood volume fraction on the BOLD response. (A) Comparison of group (n=6) mean BOLD responses to the 98% contrast in V1 in the ER paradigm for the voxels
containing large vessels (νNνmedian) with those containing microvasculature (νbνmedian). Both response peak height and undershoot depth for the large vessel were about twice as
large as those for the microvasculature. (B) The normalized responses by dividing these responses with their corresponding peak heights. These normalized responses were almost
identical to each other, though one was delayed ~1 s, providing further evidence to a homogeneous BOLD response in the ER paradigm. The error bars denote the standard errors of
the mean.

Fig. 6. Correlations of blood volume fraction indices for different conditions in a
representative subject. (A) Correlation of blood volume fraction indices for the high-
temporal resolution (TR=250 ms) scan with andwithout the corrections to the cardiac
pulsation- and respiration-induced changes to the MR signal intensity time course.
(B) Correlation of blood volume fraction indices between the low-temporal resolution
(TR=1 s) scan (eyes-opened) with the high-temporal scan without the corrections to
the cardiac pulsation- and respiration-induced changes to the MR signal intensity time
course. The solid line in each figure represents the least-squares linear fitting of the
scatter plot (CP&R: cardiac pulsation and respiration; CC: correlation coefficient;
*p=9.8×10−25; **p=1.3×10−81).
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the ER paradigm across the visual areas for both contrasts strongly
suggest an approximately homogeneous reduction effect of the non-
linear hemodynamic response to the estimated responses in the RP-ER
paradigm.

To compare the nonlinear effect in voxels containing large vessels
(υNυmedian) with those containing microvasculature (υbυmedian), we
computed the ratio of the estimated response peak height for the RP-ER
paradigm to the response peak height for the ERparadigm in each visual
area for each contrast, respectively (Fig. 10). In each visual area for each
contrast, the nonlinear effect in the RP-ER paradigm produced a

relatively larger reduction in the voxels containing large vessels
compared to those containing microvasculature, suggesting a small
degree of heterogeneity of the nonlinear hemodynamic response
(p=0.12, 0.05, and 0.08 in V1, V2, and V3, respectively, for the 98%
contrast, and 0.03, 0.41, and 0.16, respectively, for the 12% contrast).

Discussion and conclusions

The similarity of the BOLD signal intensity time course for the two
contrasts across the visual areas shows a more homogeneous rather

Fig. 7. Comparison of group (n=3) mean BOLD responses to the 98% contrast (top panel) and the 12% contrast (bottom panel) in V1, V2, and V3, respectively, for the ER and RP-ER
paradigms. For the RP-ER paradigm, the BOLD response was estimated using a linear BOLD response model with three different duration length of 20 s, 30 s, and 40 s, respectively.
The response peak height for the RP-ER paradigm was smaller than that for the ER paradigm, demonstrating a nonlinear BOLD response in the RP-ER paradigm.

Fig. 8. Comparisons of the BOLD responses for the ER and RP-ER paradigms. (A) Comparison of BOLD response peak heights in V1, V2, and V3, respectively, for the ER and RP-ER
paradigms, demonstrating a reduced response in the RP-ER paradigms in each visual area for each stimulus contrast. (B) Left: comparison of the ratio of the peak height of the RP-ER
paradigm to that of the ER paradigm in V1, V2, and V3, respectively, for the 12% and 98% contrasts. These ratios remained at a similar level across the visual areas, demonstrating a
more homogeneous rather than a heterogeneous nonlinear BOLD response in the RP-ER paradigm. Right: comparison of the ratio of the peak height at 12% contrast to that at 98%
contrast in V1, V2, and V3, respectively, for the ER and RP-ER paradigms. These ratios remained at a similar level in each visual area, indicating same relative magnitudes of BOLD
responses across stimulus conditions for both the ER and RP-ER paradigms. The error bars denote the standard errors of the means.
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than a heterogonous hemodynamic response in the ER paradigm
(Fig. 2, top panel). The strong, voxelwise correlation between the
undershoot depth and the BOLD response peak height in each visual
area for both contrasts and all subjects provides further evidence to
support this conclusion. Although the stimulus-evoked neuronal
activity in each visual area was not known, the larger contrast
stimulus should evoke a larger neuronal activity in the visual areas as
evidenced from EEG and MEG studies (Göpfert et al., 1999; Hall et al.,
2005). Indeed, the amplitude of the BOLD response to the 98% contrast
was significantly larger than that to the 12% contrast in each visual
area (Fig. 2, bottom panel, left). For a given activated voxel the
difference in the neuronal activity was due to the difference between
the two contrasts because the stimulus pattern was remained
unchanged. This neuronal activity difference might be the same
across all the activated voxels within each visual area because the
contrast change was uniform across the whole visual field. Within
each visual area, the BOLD responses to the two contrasts were
strongly correlated with each other, and their distribution followed a

straight line with a small intercept that did not differ significantly
from zero (Fig. 3, bottom panel). This proportional relationship of the
BOLD response between the two contrasts implies a constant ratio
between the two responses across all the activated voxels within each
visual area. This result suggests that the difference in the underlying
neuronal activity between the two contrasts most likely remained a
constant across these activated voxels, though a quantitative neuronal
activity to each contrast was unknown. It provides a means to link the
underlying neuronal activity difference with the BOLD response
difference. The large variation in the response peak height for both
contrasts showed a large neuronal activity variation across the
activated voxels in each visual area, most likely reflecting pattern-
evoked different neuronal activity across these activated voxels.
Although the BOLD response was affected by the blood volume
fraction, the response peak height still varied largely for any given
blood volume fraction index (Fig. 4(C)), indicating that the neuronal
activity variation from voxel to voxel was mainly responsible for the
large BOLD response variation across the visual areas. The larger the

Fig. 9. Correlations of the response peak heights in each visual area in a representative subject. Top panel: correlation of response peak heights between the 12% contrast and the 98%
contrast in the RP-ER paradigm for activated voxels in V1, V2, and V3, respectively. The strong correlations in the visual areas provide evidence to a homogeneous nonlinear BOLD
response in the RP-ER paradigm. The solid line in each figure represents the least-squares fitting of the scatter plot. Bottom panel: correlation of response peak heights between the
two paradigms for activated voxels in V1, V2, and V3, respectively. The black solid and red dashed lines denote the least-squares fittings of the scatter plots at 98% and 12% contrasts,
respectively (CC: correlation coefficient; *maximal p=6.4×10−39).

Fig. 10. Comparison of the nonlinear BOLD response-induced reduction effect in the RP-ER paradigm in voxels containing large vessels (νNνmedian) with those containing
microvasculature (νbνmedian). The error bars denote the standard deviations.
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neuronal activity, the larger the response peak height as well as the
undershoot depth, while the ratio of the latter to the former remained
unchanged across the visual areas, reflecting the homogeneous
hemodynamic response across the visual cortex in the ER paradigm.

In ER paradigms the neuronal activity is relatively short and induces
transient dynamic changes in CBF, CBV, and CMRO2. These transient
dynamic changes are tightly coupled together, reflected in the strong
correlation between the undershoot depth and the response peak
height (Fig. 3, top and middle panels). In contrast, the neuronal activity
in block-design paradigms is relatively long, its temporal profile is
usually unknown and it may vary spatially across the cortex.
Accordingly, the corresponding dynamic changes in CBF, CBV, and
CMRO2may not be tightly coupled, resulting in possibly no relationship
or a different relationship between the post-stimulus undershoot and
the positive BOLD response. In several block-design studies, the
undershoot depthwas found to be independent of stimulation intensity
(Hoge et al., 1999; Chen and Pike, 2009; Sadaghiani et al., 2009).
Harshbarger and Song (2008) found a spatial dependence of the post-
stimulus undershoots on the vascular and neuronal hierarchy.

The correlation of the peak height with the index υ in Fig. 4(C)
provides evidence that the magnitude of the BOLD response is also
affected by the blood volume fraction, consistent with the theoretical
results of Ogawa et al. (1993) and Obata et al. (2004). The larger the
blood volume fraction, the larger the response peak height. This effect
also affects the undershoot depth; the larger the blood volume
fraction, the larger the undershoot depth. The response peak height
varied substantially for a given index υ (Fig. 4(C)), so did the
undershoot depth (data not presented). The correlation of the
undershoot depth with the response peak height, however, remained
unchanged for any given index υ, showing the independence of the
correlation to the blood volume fraction. The similarity of the
normalized BOLD responses in Fig. 5(B) between the voxels contain-
ing large vessels and those containing microvasculature provides
further evidence to a homogeneous hemodynamic response across
the visual cortex in ER paradigms.

Despite the well-known BOLD nonlinearity, its effect on the
estimated BOLD responses in RP-ER paradigms has rarely been
investigated (Heckman et al., 2007; Zong and Huang, 2010). The
source of BOLD nonlinearity could come from either nonlinear
neuronal activity and/or nonlinear vascular responses (Birn and
Bandettini, 2005; Zhang et al., 2008). Nonlinear neuronal activity
would occur when two stimuli are presented too close to each other;
the first stimulus would suppress the transient on-response of the
second stimulus (forwardmasking) and the latter would suppress the
transient after-discharge of the former (backwardmasking), resulting
in reduced neuronal activity as observed in a cell-recording study
(Macknik and Livingstone, 1998) and confirmed in an ER-fMRI study
(Huang et al., 2006). This neuronal interaction between the two
stimuli diminishes rapidly with increasing the inter-stimulus interval
(ISI). In our RP-ER paradigm, the minimal ISI of 400 ms would
effectively eliminate the interaction, enabling us to investigate the
effect of the nonlinear BOLD response originated from the nonlinear
vascular response. The estimated BOLD response in the RP-ER
paradigm is smaller relative to the response in the ER paradigm
across the visual cortex for both stimulus contrasts (Fig. 7),
demonstrating a reduction effect of the nonlinear vascular response
in RP-ER paradigms. However, the ratio of the response peak heights
of the two contrasts remained approximately the same for the two
paradigms (Fig. 8(B), right), suggesting the same scaling effect of the
nonlinear vascular response across the stimulus contrasts on the
estimated responses in the RP-ER paradigm, consistent with a recent
study using a similar RP-ER paradigm (Heckman et al., 2007).
Accordingly, in the absence of nonlinear neuronal activity, a scaling
to the estimated responses might provide a simple way to account for
the nonlinear vascular effect in RP-ER paradigms as noted by
Heckman et al. (2007).

The observed nonlinear BOLD effect in our RP-ER paradigm is quite
homogeneous across the visual cortex for the two stimulus contrasts.
This nonlinear effect is present in both the voxels containing large
vessels and those containing microvasculature, and the effect is
slightly but not significantly larger in the voxels containing large
vessels, further supporting a quite homogeneous nonlinear effect
(Fig. 10). In contrast, heterogeneous nonlinear BOLD effects were
observed in several studies using different stimulus presentation
paradigms (Birn et al., 2001; Pfeuffer et al., 2003; Zhang et al., 2008),
suggesting a paradigm-dependent nonlinear BOLD effect. It may
reflect different sources responsible for these different nonlinear
effects. Birn et al. (2001) observed a significant variation in the
nonlinearity across different voxels in the visual and motor cortices in
paradigms using stimuli with stimulus durations ranged from 250 ms
to 20 s, and no correlations were found between the nonlinearity
indices and the vascular architecture, suggesting that the nonlinearity
might be caused mainly by neuronal nonlinear effects. Pfeuffer et al.
(2003) also observed a decreased BOLD impulse response to a visual
stimulus with increasing the stimulus duration from 100 ms to
2000 ms and a spatial dependence of this nonlinear BOLD response
across the visual cortex. Using a paired-stimulus paradigm composed
of two ultra-short visual stimuli separated by a variable ISI, Zhang et al.
(2008) found a decreasing nonlinearity with increasing ISI and a more
severe effect in the voxels containing large vessels than those
containing microvasculature structures, demonstrating the vascular
response as the main source for the nonlinearity since the neuronal
responses to all stimuli are identical in the paradigm.

In summary, this study revealed a linear coupling between the
positive BOLD response and the post-stimulus undershoot across the
visual cortex in an ER paradigm. This voxelwise linear coupling across
the visual cortex strongly supports a homogeneous hemodynamic
response in ER paradigms. The magnitude of the BOLD response is
influenced not only by neuronal activity but also by the blood volume
fraction. The latter effect needs to be accounted for in any quantitative
interpretation of the neural event from the BOLD response measure-
ment. In the absence of nonlinear neuronal activities, the nonlinear
vascular response renders the estimated BOLD responses smaller in
RP-ER paradigms compared to that in ER paradigms, and this
reduction effect also needs to be considered for interpreting the
estimated BOLD responses in RP-ER paradigms. Interestingly, the
reduction effect might be simply modeled by a scaling factor, though
the effectiveness of this modeling requires further investigation.
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