
Linearity of Blood-Oxygenation-Level Dependent Signal at
Microvasculature

Nanyin Zhang*,§, Essa Yacoub¶, Xiao-Hong Zhu¶, Kamil Ugurbil¶,**, and Wei Chen¶,**
§Center for Comparative Neuroimaging, Department of Psychiatry, University of Massachusetts
Medical School, Worcester, Massachusetts 01655
¶Center for Magnetic Resonance Research, Departments of Radiology, University of Minnesota
Medical School, Minneapolis, Minnesota 55455
**Department of Biomedical Engineering, University of Minnesota Medical School, Minneapolis,
Minnesota 55455

Abstract
The relationship between the blood-oxygenation-level dependent (BOLD) signal and its underlying
neuronal activity is still inconclusive. The task of completely understanding this relationship has
been encumbered not only by the complexity of neuronal responses, but also by nonlinear
characteristics of the vascular response that are not correlated to neural activity. Repeated stimuli
inducing replicable neural responses led to successively smaller BOLD amplitudes and delayed
BOLD onset latencies when inter-stimulus intervals (ISIs) are shorter than 4-6 seconds, indicating
significant nonlinearity between the BOLD signal and the underlying neuronal activity. We have
provided evidence that large-vessel BOLD contributions could be the source of the nonlinearity
(Zhang et al., Neuroimage 43: 204-12, 2008). By utilizing the spin-echo (SE) BOLD fMRI method
at high magnetic fields to suppress large-vessel BOLD contributions, we found that the BOLD signal
from the micro-vascular activity is replicable in response to replicated neuronal activities even at
ISIs as short as ~1 second, suggesting that the micro-vascular BOLD activity is essentially a linear
system. These results indicate that micro-vascular BOLD signals should provide an accurate estimate
of the amplitude of neuronal activity changes. Consequently, the findings are important in
understanding and resolving the controversy in the neurovascular coupling relationship. In addition,
the difference in BOLD response times between macro- and micro-vascular activities demonstrated
herein will have a significant impact on functional connectivity and causality studies. Moreover, SE
fMRI at high fields, due to its capability of accurately representing the strength of neural activity as
well as its previously shown high spatial specificity to activated brain regions, is an ideal choice for
mapping brain function and quantifying the stimulus-evoked brain activity noninvasively.
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Introduction
Blood-oxygenation-level-dependent (BOLD) based functional magnetic resonance imaging
(fMRI) has been widely used to study brain function (Bandettini et al., 1992; Kwong et al.,
1992; Ogawa et al., 1992; Raichle and Mintun, 2006). This technique is based on locally
coupled neuronal activity and hemodynamic changes (Ogawa et al., 1993). Although the fMRI
technique shows promise for pinpointing and tracking brain activities, its potential is limited
by the fact that the quantitative relationship between the BOLD signal and the underlying neural
activity remains elusive (Logothetis et al., 2001; Smith et al., 2002). The task of completely
understanding this relationship has been entangled not only by the complexity of various
neuronal responses such as local field potential and spike activity, but also by various
characteristics of vascular responses that are not directly correlated to neural activity (referred
to non-neural vascular activity herein). This is because non-neural vascular activity can
significantly vary the amplitude of the BOLD signal; albeit this variation does not represent a
change of neural activity. For instance, identical neural activity may not be able to repeatedly
trigger the same BOLD response due to a refractory effect of vascular response (Zhang et al.,
2008b). As a result, different relationships regarding the neurovascular coupling can be
observed based on the non-neural vascular components and whether or not they are accounted
for and/or corrected when one tries to directly correlate the neuronal response to the BOLD
signal.

One key issue of non-neural vascular response is the linearity of the BOLD signal which has
remained an ongoing research topic for more than a decade (Boynton et al., 1996). This issue
is vital in interpreting the amplitude of the BOLD signal since, if the BOLD response were a
linear system, the fMRI signal could then simply be characterized by a hemodynamic-impulse-
response function and this would yield a reliable measure of neuronal activity change.
Nevertheless, the majority of studies have reported significant nonlinear effects in the BOLD
signal (Birn and Bandettini, 2005; Birn et al., 2001; Boynton et al., 1996; Buxton et al.,
1998; Cannestra et al., 1998; Dale and Buckner, 1997; Friston et al., 1998; Friston et al.,
2000; Glover, 1999; Huettel and McCarthy, 2000; Inan et al., 2004; Janz et al., 2001; Pfeuffer
et al., 2003; Robson et al., 1998; Soon et al., 2003; Vazquez and Noll, 1998; Wager et al.,
2005; Zhang et al., 2008a; Zhang et al., 2008b). In these studies, repeated stimuli led to
successively smaller BOLD amplitudes and delayed BOLD onset latencies when inter-stimulus
intervals (ISIs) are shorter than a few seconds (Huettel and McCarthy, 2000; Zhang et al.,
2008b). As a result, the strength of neural activity change evoked by brain stimulation cannot
be accurately reflected by the corresponding BOLD amplitude. In addition, these nonlinear
effects make it difficult to quantitatively compare fMRI responses among different states of
brain activity and, thus, partially limit the applicability and potential in fMRI-related
neuroscience research.

The mechanism underlying BOLD nonlinearity is poorly understood, partially because of its
uncertain physiological origin. Birn and Bandettini have suggested that the observed BOLD
nonlinearity could come from neuronal and/or vascular origins (Birn and Bandettini, 2005).
By ensuring invariant neuronal activities in a paired-stimulus paradigm, we have selectively
investigated vascular related (non)linear BOLD effects in the absence of any neuronal
nonlinear effects based on the gradient-echo (GE) fMRI measurement (Zhang et al., 2008b).
Under this circumstance, we demonstrated significant nonlinear BOLD effects including
reduced BOLD amplitude and delayed BOLD onset latency in response to the second of paired
stimuli when the ISI was shorter than 4-6 seconds. More importantly, we found BOLD
nonlinearity was much less significant when the contributions from large vessels to the BOLD
signal were partially reduced (Zhang et al., 2008b). These findings raise the question of whether
or not the BOLD nonlinearity originates primarily from hemodynamic changes in large vessels
which could be significantly distant from the actual neuronal activity site. The answer to this
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question is important because it would examine the possibility that the vascular response from
the microvasculature, triggered by local neuronal activity, is a linear system and thus provides
a precise measure of neural activity strength; whereas the nonlinear effects observed in the
BOLD signal in previous studies are only artifacts from down-stream large vessels. Elucidation
of this issue should have a profound impact on our understanding and modeling of the BOLD
signal and its relationship with the underlying neuronal activity.

Unfortunately, our earlier study based on gradient-echo (GE) fMRI measurements is not
sufficient to provide a definite answer to this question (Zhang et al., 2008b). This is because
the criterion used to separate large vessel contributions to the BOLD signal was based on an
index υ defined by the ratio between the standard deviation and the mean of the MRI signal
intensity obtained from a series of fMRI images acquired during the resting condition. Since
the MRI signal intensity at 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, pixels
located at large vessels tend to have larger υ values while pixels only containing
microvasculature tend to have a smaller υ value. As a result, large-vessel contributions to the
BOLD signal were reduced by eliminating activated pixels with large υ values. Although this
criterion is sufficient to observe the effects of large vessels on the nonlinear characteristics of
the BOLD signal, it is difficult to set a clear cut-off threshold to stringently separate pixels
containing only large or small vessels because of the partial volume effect and thus it does not
guarantee a strict segregation between macro- and micro-vascular activities. Consequently,
residual nonlinearity was still observed in the BOLD signal after removing activated pixels
with large υ values, though it became much less significant (Zhang et al., 2008b).

Spin-echo (SE) fMRI at high magnetic fields, on the other hand, is known to be primarily
sensitive to micro-vascular activity (Boxerman et al., 1995; Cheng et al., 2001; Duong et al.,
2003; Moon et al., 2007; Ogawa et al., 1993; Yacoub et al., 2003; Yacoub et al., 2008; Yacoub
et al., 2007). This is true because the intravascular component of the BOLD signal is diminished
at higher fields due to the dramatic shortening of blood T2 relative to tissue T2 (Thulborn et
al., 1982). Furthermore, the extravascular BOLD signal from large vessels is eliminated using
the SE fMRI method because the 180° radiofrequency (RF) pulse refocuses the static dephasing
effects induced by magnetic field inhomogeneities around large vessels. Therefore, high-field
SE fMRI signals originate largely from micro-vascular activities with high spatial specificity
to the site of neuronal activation (Yacoub et al., 2008; Yacoub et al., 2007). Given this feature,
in the present study we have investigated (non)linear characteristics of the BOLD signal from
the microvasculature using a simple design of combining SE fMRI and a paired-stimulus
paradigm composed of a pair of visual stimuli separated by an ISI between them. The ISIs
selected were longer than 1 second to ensure invariant neuronal responses to all visual stimuli
so that only the vascular effects were involved and investigated (Hoffken et al., 2008; Zhang
et al., 2008a; Zhang et al., 2008b). Under these experimental settings we examined and
compared the BOLD amplitude and onset latency in response to the second of paired stimuli
to that of the single stimulus as a function of ISI.

To better illustrate our results and draw conclusions, we compared the data based on the SE
BOLD signal to the data based on the GE BOLD signal adapted from our previous results
(Zhang et al., 2008b), which were acquired under very similar experimental settings.

Materials and Methods
Subjects and Paradigm

Eight healthy subjects (four males, four females; 21-55 years old; mean± standard deviation:
32±14) participated in this study. The subjects provided informed consent which was approved
by the Institutional Review Board of the University of Minnesota.
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A paired-stimulus paradigm composed of a pair of visual stimuli with an ISI between them
was used. Visual stimulation presented as 8 Hz flickering red/black light (100% contrast) was
generated by a pair of red LED goggles (Grass Instruments, Quincy, MA). The duration of
each stimulus was time locked to the repetition time (TR = 1.15 second) of echo-planar imaging
(EPI) acquisition. Visual stimuli were displayed in the full visual field either singly or in pairs
separated by an ISI of 1, 2, 4 or 8 TRs. Successive trials of single stimulus or paired stimuli
were separated by sufficiently long inter-trial interval (ITI = 30 TRs, equivalent to 34.5 s) to
allow the hemodynamic response to fully return to baseline and avoid any interference in
vascular responses between consecutive stimulation trials. It also allowed us to individuate the
BOLD response to the second of the paired stimuli by subtracting the BOLD response to the
single stimulus from that to paired stimuli at each ISI. During the baseline condition, subjects
were in uniform darkness.

Experiment procedure and data acquisition
All experiments were performed on a 4T/90 cm bore magnet (Oxford, UK) system interfaced
with the Varian INOVA console (Varian Inc., Palo Alto, CA). A half-volume quadrature 1H
RF surface coil was used to allow for sufficient RF field homogeneity in the visual cortex.
Head motion was limited with a foam-padded holder. At the beginning of the experiment, axial,
sagittal and coronal anatomic MR images were acquired by a conventional T1-weighted
TurboFLASH method (Haase, 1990). On the basis of anatomic images, one coronal slice in
the middle of the calcarine fissure was selected for acquiring fMRI data using SE EPI with the
acquisition parameters: field of view (FOV) = 12.8×12.8 cm2, 64×64 in-plane matrix size, echo
time (TE) = 67 ms, TR = 1150 ms, slice thickness = 5 mm, in-plane resolution = 2.0×2.0
mm2.

The fMRI experiment was conducted using an event-related task design. For each single or
paired stimulation task, 10-12 trials were repeated in one run and two runs were repeated in
each experiment. A total of ten fMRI runs corresponding to five tasks (1 single task and 4
paired tasks with different ISIs) were acquired in a pseudo-randomized order in each
experiment. The subjects’ attention was maintained by asking them to count the number of
trials, which was to be reported by the subject at the end of each run. The number of trials
varied slightly and randomly across runs so that subjects could not predict the number for each
run. The total trial number for each task across two runs was maintained to be approximately
the same (n = 22).

Data analysis
The fMRI data analysis was performed using STIMULATE (Stimulate, Center for Magnetic
Resonance Research, University of Minnesota) (Strupp, 1996) and Matlab (The Mathworks
Inc., Natick, MA, USA). All fMRI time series were segmented from 5 time points before and
30 time points after the onset of stimulation. Epochs identified were selectively averaged for
each task, resulting in five averaged time series for single- and paired-stimulus tasks.

Activation maps were generated using a time-shifted cross-correlation (CC) method
(Bandettini et al., 1993; Xiong et al., 1995). A triangle function was used as the reference
function for each stimulus. A relatively low threshold was used (CC coefficient > 0.3, p < 0.02)
to create an fMRI activation map for each task. The final activation map was generated based
on common activated pixels in all five fMRI maps obtained under the five tasks. This procedure
yielded a very high threshold for the final map (p = 0.025 = 3×10-9) assuming acquisition was
independent across different runs. A region of interest (ROI) was defined by all activated pixels
at the proximity of the calcarine fissure in the final map for each subject. This ROI was later
used for all tasks.
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A ROI-based analysis was used to quantify BOLD (non)linearity. Time courses were averaged
across all the activated pixels within the ROI for each task. The averaged time course was then
calculated as a percentage change relative to the baseline condition. The time courses at paired-
stimulus conditions in percentage change were subsequently normalized to the single-stimulus
condition. This normalization method allows inter-subject averaging without needing to
account for different BOLD amplitudes across subjects. After normalization, the time course
at the single-stimulus condition was subtracted from the time course at each paired-stimulus
condition, resulting in the BOLD response to the second stimulus for a given ISI. BOLD (non)
linearity at each paired-stimulus condition was quantified by the ratio of BOLD integrals
between the BOLD response to the second stimulus and the response to the single stimulus
(Zhang et al., 2008b).

No temporal or spatial filter was applied in our analysis to avoid any type of bias that may
affect the BOLD amplitude.

Results
Figure 1 shows an example of an SE fMRI activation map created using the procedure described
in Materials and Methods from a representative subject. Activated pixels are primarily
located along the cortical ribbon of gray matter (delineated with green lines) in the human
visual cortex, consistent with the notion that the high-field SE fMRI signal mainly detects
BOLD responses from micro-vascular activity without significant large-vessel contaminations.

Figure 2a shows the time courses of SE BOLD responses to the single stimulus and the second
of paired visual stimuli at different ISIs. The BOLD response to the second stimulus was
individuated by subtracting the BOLD response to the single stimulus from that to paired
stimuli at each ISI. To align the onset time of the second stimulus, the time course obtained
after subtraction was shifted by the corresponding ISI. No obvious difference was observed
between the time evolutions of BOLD responses to the single stimulus and second stimuli even
at an ISI as short as ~1 s. This can be seen in the residual of the subtraction of the single BOLD
response from the second BOLD response shown in Fig. 2b. After normalizing to the single-
stimulus condition, the relative BOLD integral ratio between the responses to the second
stimulus and the single stimulus as a function of ISI is shown in Fig. 3a. The dependency of
the relative BOLD integral ratio on ISI based on the SE fMRI signal is in remarkable contrast
to the GE BOLD signal shown in Fig. 3b (adapted from Figure 5a in (Zhang et al., 2008b))
and those reported in the literature (Huettel and McCarthy, 2000). The relative GE BOLD
signal is characterized with reduced BOLD amplitude at short ISIs and a progressive recovery
as ISI becomes longer, whereas the relative SE BOLD signal is essentially independent of ISI.
Statistically, one-way ANOVA analysis grouping ISI shows that there is no significant
difference in the relative BOLD integral ratio among ISIs for the SE BOLD signal (F = 1.79,
p = 0.2), whereas the relative BOLD integral ratio based on GE BOLD signals strongly depends
on ISI (F = 10.6, p < 0.001). Moreover, the relative BOLD integral ratios based on SE fMRI
measurements are not statistically different from unity (or 1), indicating a negligible vascular
refractory effect within the ISI range studied (p > 0.9, paired t-test). Figure 3b also demonstrates
the effect of reducing large-vessel contributions to the GE BOLD signal on its nonlinear
characteristics by setting different thresholds on the υ index. Clearly, BOLD nonlinearity is
less significant (i.e. BOLD integral ratio is less dependent on ISI and closer to 1) when
excluding pixels containing large vessels (υ < 0.005) compared to the case where there was no
large vessel removal. This trend was more prominent at a threshold of υ < 0.003. Consistent
with this trend, the BOLD nonlinearity virtually disappears when large-vessel contributions
are removed by using SE fMRI at high magnetic field (Fig. 3a).
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Besides the BOLD amplitudes at different ISIs, we also examined the onset latency delay
between the second-stimulus evoked BOLD response during paired visual stimulation and the
single-stimulus evoked BOLD response. All BOLD time courses were fitted to two Gamma
functions used to account for the positive BOLD signal and undershoot, respectively. Figure
4a shows that the onset latencies of the GE BOLD signals in response to the second stimuli
are significantly delayed at short ISIs; this latency delay is gradually shortened as ISI gets
longer. By contrast, the onset latency of SE BOLD response is independent of ISI and not
significantly different from zero (p = 0.60, paired two-tail t test). This result is also consistent
with our earlier report that reducing the effect of the large-vessel component in the BOLD
signal could weaken the dependency of BOLD latency delay on ISI and would thus result in
less significant BOLD nonlinearity as shown in Figure 4b. Taken together, our results clearly
demonstrate strong linear characteristics of the micro-vascular BOLD signal measured by SE
fMRI at high field at ISIs as short as 1 second.

Discussion
In our previous work we investigated the source of vascular related (non)linear BOLD effects
in the absence of any neuronal refractory effects (Zhang et al., 2008b). We found that excluding
pixels containing large vessels significantly increased normalized BOLD amplitude and
shortened BOLD onset latency when the vascular response was in the refractory period. In
contrast, the procedure of reducing large vessel signals had little effect on BOLD activity at
sufficiently long ISIs, where the vascular refractoriness disappears. These findings suggest the
possibility that the vascular response from the microvasculature could be a linear system,
whereas the nonlinear effects observed in the BOLD signal in previous studies might be simply
artifacts from down-stream large vessels. If this is the case, the relative amplitude of local
neuronal activity can be accurately estimated from the microvascular sensitive fMRI signal.

In order to explore this idea in the present study we examined (non)linear characteristics of the
BOLD signal using SE fMRI acquisitions at a high magnetic field, where large-vessel
contaminations in the BOLD signal are largely suppressed. Under this circumstance we
observed completely different BOLD linearity characteristics. The SE BOLD responses to
paired visual stimuli replicated each other even at a very short ISI of approximately 1s. Also
as opposed to the case reported in the GE BOLD signal, SE BOLD responses to the second of
paired stimuli did not demonstrate obvious signal onset latency delay with similar ISIs. Taken
together, the SE BOLD signal, which is primarily sensitive to micro-vascular activity, reflects
a highly linear system.

Significance in investigating the neurovascular coupling relationship
The remarkable contrast between GE and SE BOLD signals in terms of their linearity
characteristics suggests significant difference between macro- and micro-vascular BOLD
signals in response to brain stimulation. This difference might provide a clue for resolving the
controversy in the quantitative relationship between the BOLD signal and the underlying neural
activity (Logothetis et al., 2001; Smith et al., 2002). In order to compare the amplitudes of
neurophysiologic (local field potential or spike activity) and BOLD signals, so as to elucidate
the quantitative neurovascular coupling relationship, it would be ideal to use the BOLD
component that more closely reflects variations in neural activity. Since the BOLD signal from
macro-vascular hemodynamic activity contains prominent refractoriness that can completely
be ascribed to vascular origin, correlating this BOLD component to the corresponding neural
activity can yield arbitrary results and potentially misleading conclusions. On the other hand,
micro-vascular BOLD signals show little or no vascular refractoriness, based on the results of
the present and previous studies (Zhang et al., 2008b), and should provide a more reliable
measure to study the neurovascular coupling relationship.
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Influence on resting state functional connectivity and causality studies
In addition to the pronounced effects that large-vessel hemodynamic activities have on the
nonlinear characteristics of the BOLD amplitude changes, there is also a significantly different
temporal behavior between macro- and micro-vascular BOLD responses. This difference will
have significant impact on functional connectivity and causality studies. Based on the results
from this and earlier studies, micro-vascular activity seems to be prompt and varies
proportionally as the status of the underlying neuronal activity changes. By contrast, macro-
vascular activity is much more sluggish and demonstrates a substantial refractory period on
the scale of 2-4 s. These results are consistent with several other studies demonstrating that
large-vessel effects can cause the BOLD signal onset latency delays of up to 4 s relative to
capillary effects (Lee et al., 1995). The difference between macro- and micro-vascular response
times will affect the relative timing of the BOLD signals, thereby confounding the ability to
infer neural connectivity and causality using the fMRI correlation method because of a
fundamental assumption in most fMRI correlation studies that the relative timing of BOLD
signals from different brain regions reflects the timing of their underlying neural activity
(Chang et al., 2008). Therefore, it is critical to correct for vascular related BOLD onset latency
differences when investigating connectivity and causality between different brain regions or
within a brain region with distinct vascular architectures (Chang et al., 2008). In contrast, the
SE BOLD signal at high magnetic fields should provide an ideal option to avoid this problem.

Possible Explanation
The empirical results observed in the present study manifest that the BOLD signal from the
micro-vascular activities is virtually linear, whereas the nonlinearity primarily comes from
macro-vascular responses. We postulate that this different BOLD characteristics in distinct
vascular populations likely results from a mismatch of relative timing between micro-vascular
and macro-vascular responses compared to the neuronal activity. The micro-vascular activity
responds to the change of the underlying neuronal activity with consistent relative delay (i.e.
micro-vascular BOLD onset latency). Consequently, micro-vascular BOLD signals elevated
by repeated stimuli are coherent relative to the timing of the neuronal activity change. Since
superposition of coherent signals maintains the relative amplitude variation as well as relative
timing from each source, this feature makes the BOLD signal summed from micro-vascular
activities contain the characteristics of linearity. On the other hand, macro-vascular activities
are influenced by various up-stream micro-vascular responses with inconsistent relative delays
owing to different transit times. As a result, the macro-vascular BOLD signal is not coherent
relative to the neuronal activity. Particularly, at large vessels the second-stimulus BOLD
response contributed by micro-vascular activities from certain sites can interfere with the first-
stimulus BOLD responses from other micro-vascular sites if ISI is not sufficiently long. This
notion can be supported by the coincidence that the refractory period of the macro-vascular
activity is approximately 4 s (Zhang et al., 2008b) and that large-vessel effects can cause the
BOLD signal onset latency delays of up to 4 s relative to capillary effects (Lee et al., 1995).
This concept can also be applied to continuous stimulations. However, further investigation
and evidences are needed to validate this notion.

Implications
The significance of the findings in this study is as follows. (i) The results indicate that the
micro-vascular activity measured by the SE BOLD signal should provide an accurate estimate
of the amplitude of neuronal activity changes. This characteristic has an impact on rapid event-
related fMRI design, in which individual trials occur every few seconds before the BOLD
signal returns to the baseline, and thus its application in numerous neuroscience fields. (ii) This
study highlights the importance of separating the contributions from different vascular
components when interpreting and modeling the BOLD signal, and investigating its
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relationship with the underlying neural activity. (iii) This study demonstrated differences in
onset latency times between macro- and micro-vascular responses that will have an impact on
functional connectivity and causality studies. (iv) Finally, SE fMRI at high fields, due to its
capability to accurately represent both the amplitude of neuronal activity change as well as its
spatial specificity to activated brain regions (Yacoub et al., 2008; Yacoub et al., 2007), should
be an ideal choice for mapping brain function and quantifying the neuronal activity.

Although the results of the present study reveal that the micro-vascular BOLD signal is a highly
linear system even at ISI as short as ~ 1 s, we have not tested the case when ISI is shorter than
1 s. Therefore it needs to be cautious when one intends to solve nonlinear BOLD problems in
the short ISI range of < 1s. It also needs to be clarified that the linearity of micro-vascular
BOLD signal does not necessarily imply a linear neurovascular coupling relationship (i.e.
variation of neuronal activities is accompanied with a proportional change of hemodynamic
activities). Instead, the data of the present study suggest that micro-vascular BOLD signals
provide an accurate estimate of the amplitude of neuronal activity changes owing to the
elimination of non-neural vascular component in the BOLD signal. In summary, the present
study will help bridge the gap between the BOLD-based fMRI signal and the underlying
neuronal activity; furthermore, they will advance the capability and accuracy of the fMRI
approach for quantitatively studying brain function and dysfunction.
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Figure 1.
Spin-echo fMRI activation map created by the procedure described in Methods and
Materials. Briefly, an fMRI activation map was created for each task using a time-shifted CC
method and a relatively low CC coefficient. The final fMRI activation map was generated
based on common activated pixels in all five fMRI maps obtained under varied tasks. The
cortical ribbon of gray matter in the human visual cortex was delineated with green lines.
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Figure 2.
(a) Time courses of the SE BOLD responses to the single stimulus and the second stimuli at
all ISIs. The BOLD response to the second of paired stimuli was individuated by subtracting
the BOLD response to the single stimulus from that to paired stimuli at each ISI. To align the
onset of the second stimulus, the time course obtained after subtraction was shifted by the
corresponding ISI. (b) The residue after subtracting the single BOLD response from the second
BOLD responses at all ISIs.
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Figure 3.
Dependency of relative BOLD integral ratio on ISI based on (a) SE fMRI signal (bars indicate
one time standard deviation) and (b) GE fMRI signal (adapted from Fig. 5a in Zhang et al.,
Neuroimage 43: 204-12, 2008). In (b), it also shows the effect of reducing the contribution of
large-vessel hemodynamic activity to the BOLD signal on its nonlinear characteristics by
setting different thresholds on the υ index. BOLD nonlinearity is less significant (i.e. BOLD
integral ratio is less dependent on ISI and closer to unity) after excluding pixels containing
large vessels at a threshold of υ < 0.005. This trend is more prominent at a threshold of υ <
0.003
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Figure 4.
The BOLD onset latency delay relative to the single-stimulus BOLD response based on the
GE fMRI signal without vessel removal (red triangles) and SE fMRI signal (blue circles) in
(a) and GE fMRI signal with the removal of large-vessel activities (black circles) in (b).
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