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Abstract

The widely used blood oxygenation level dependent (BOLD) signal during brain activation, as measured in typical fMRI
methods, is composed of several distinct phases, the last of which, and perhaps the least understood, is the post-stimulus
undershoot. Although this undershoot has been consistently observed, its hemodynamic and metabolic sources are still
under debate, as evidences for sustained blood volume increases and metabolic activities have been presented. In order to
help differentiate the origins of the undershoot from vascular and neuronal perspectives, we applied progressing diffusion
weighting gradients to investigate the BOLD signals during visual stimulation. Three distinct regions were established and
found to have fundamentally different properties in post-stimulus signal undershoot. The first region, with a small but focal
spatial extent, shows a clear undershoot with decreasing magnitude under increasing diffusion weighting, which is inferred
to represent intravascular signal from larger vessels with large apparent diffusion coefficients (ADC), or high mobility. The
second region, with a large continuous spatial extent in which some surrounds the first region while some spreads beyond,
also shows a clear undershoot but no change in undershoot amplitude with progressing diffusion weighting. This would
indicate a source based on extravascular and small vessel signal with smaller ADC, or lower mobility. The third region shows
no significant undershoot, and is largely confined to higher order visual areas. Given their intermediate ADC, it would likely
include both large and small vessels. Thus the consistent observation of this third region would argue against a vascular
origin but support a metabolic basis for the post-stimulus undershoot, and would appear to indicate a lack of sustained
metabolic rate likely due to a lower oxygen metabolism in these higher visual areas. Our results are the first, to our
knowledge, to suggest that the post-stimulus undershoots have a spatial dependence on the vascular and neuronal
hierarchy, and that progressing flow-sensitized diffusion weighting can help delineate these dependences.
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Introduction

The typical functional magnetic resonance imaging (fMRI)

study measures signal changes based on the blood oxygenation

level dependent (BOLD) [1] effect. This BOLD signal consists of a

number of characteristic components whose amplitudes and

spatial extents may vary significantly [2,3]. Specifically, a possible

small initial decrease in signal is quickly followed by a large

increase in signal, and at the cessation of the stimulus the signal

decays over its baseline value and a signal undershoot is typically

observed. The small initial dip in signal is not often seen without

specialized and carefully formed methodology [4]. The main

positive signal change is generally an increase on the order of 5%–

8%, with a peak occurring approximately 5 seconds after the

beginning of the stimulus [2,3]. The post-stimulus undershoot

signal typically peaks at about 5–10 seconds after the stimulus ends

with a magnitude of approximately 1%–1.5% [5–7]. The stages of

this BOLD signal result from the interplay of changes in cerebral

blood flow (CBF), blood volume (CBV), and metabolism

(CMRO2) related to activation of the underlying neurons. The

normal measure of activation is based on the large positive

increase, which is known to spread into the draining veins some

distance from the site of neuronal activation.

Although consistently observed [5–7], the post-stimulus under-

shoot is not well understood and its implication on the fMRI signal

localization can be unspecific given its omnipresence. The theories

and experimental findings have insofar attributed the undershoot

to one or more of three possible sources: the first is a delayed CBV

recovery to baseline [8–10]; the second source is a sustained

metabolic rate leading to increased oxygen extraction [11–15];

and the third potential source is a CBF undershoot [16–20]. These

previous studies have investigated the temporal characteristics of

the post-stimulus undershoot and its relation to CBF, CBV, or

CMRO2. More recently, studies have indicated that the

undershoot may be more specific to the site of neuronal activation

than the large and diffuse positive BOLD response [21]. These

high-resolution studies have shown that the undershoot originates

in cortical layers with the highest metabolic activity. However,

current research is still under debate as to its exact signal

mechanism, for instance whether it is due to vascular or metabolic

changes. Indeed, the high-resolution study recently reported [21]

shows the undershoot spreading beyond the site of metabolic
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activity into other areas, indicating a dispersion of the signal which

would not be specific to the neural activity. In addition, it is likely

that the undershoot is not exclusively linked to one source specific

to the neuronal activity. Other evidence has suggested that

multiple sources may produce undershoot at differing spatial

locations [11,22,23]. The variety of evidence related to the source

of the post-stimulus undershoot indicates a complex relation

between each of the three sources and their respective cortical

localities. It would therefore be important to separate differing

sources of the undershoot, in order to better characterize the

underlying vascular or neuronal mechanisms.

In this current report, we hope to add evidence to better

understand the BOLD undershoot by examining its dynamic

response to increasing diffusion weighting sensitized to flow, and

help better characterize its signal origin and mechanism. It has been

shown that this flow-sensitive diffusion weighting strategy can be

used to produce differentiation between signal arising from

intravascular and extravascular sources, and further, from large

vessels and capillaries [24]. However, a complete study of the effect

of diffusion weighting on the post-stimulus undershoot has not been

done. In a previous study, Jones [25] did not see a change in the

undershoot with mild diffusion weighting, however, the level of

diffusion weighting used was small. Obata, et al, [26] presented

work showing an averaged change in the undershoot with high

levels of diffusion weighting, but did not attempt to characterize the

vasculature from which the signal arose. Here, we report on the

possibility of separating intra- and extra- vascular sources of the

post-stimulus undershoot based on their distinctly different behavior

under diffusion weighting, and inferring their respective vascular

and neuronal mechanisms. In particular, we expect that undershoot

signal arising from intravascular sources will be affected by

increasing diffusion weighting, whereas extravascular signal will

not be attenuated. The spatial patterns of undershoot behavior

should also be consistent with the separate vascular sources.

Methods

A total of six healthy subjects were scanned for this study after

providing written informed consent as approved by the Duke

University Medical Center IRB. Scans were performed on a

General Electric 4T whole-body MRI scanner (Waukesha, WI). For

each study, high resolution anatomical images were first acquired

for anatomical references, followed by a series of functional runs.

Functional scans were acquired using a gradient echo spiral

imaging sequence with FOV = 24 cm, TE = 40 ms, a 1286128

imaging matrix, and a small flip angle of 30 degrees to reduce

inflow effects. Eight slices (5 mm slice thickness, no gaps) aligned

along the Calcarine fissure were selected covering the primary

visual cortex. Three isotropic diffusion weighting b factors of 1, 63,

and 125 s/mm2 were sequentially applied in series such that

within a 3 sec repetition, volumes at three b factors were acquired

[27,28]. This interleaved acquisition approach reduces the effects

of subject motion and other instabilities (e.g. scanner drifts) when

comparing across the diffusion weighting strengths. Earlier studies

have used diffusion weighting to suppress signals in larger vessels

and gain improved functional localization [24,29–31]. It has also

been demonstrated that an appropriate range for the intra-voxel

incoherent motion (IVIM) weighting [32,33], especially by using

an appropriate initial b factor to suppress arterial contributions,

can be used to create an ADC contrast uniquely sensitive to the

capillary networks [27,28,34,35].

A total of 210 volumes (70 at each b-factor) were acquired while

the subject observed a visual stimulus consisting of a flashing,

rotating checkerboard. The visual stimuli were delivered using a

goggle system (Resonance Technology, Northridge, CA). Subjects

were instructed to maintain their gaze on a small fixation cross in

the center of the visual field which was visible throughout the run.

The stimulus alternated with a control condition of simply the

fixation cross on a black screen. The rest and stimulation periods

each lasted 30 seconds, and after an initial fixation period, the task

and fixation pairs were repeated three times. This 30 second on/

off paradigm is sufficient for our needs of detecting peak

amplitudes of the undershoot, which occur soon after the cessation

of the stimulus. Longer rest periods would be needed to

characterize the full length and duration of the undershoot.

A total of six functional runs were acquired for each subject.

The runs were averaged, and a multiple linear regression was

performed on data from each b-factor separately to determine

areas of activation. Three regressors were used: one based on the

activation pattern, a second with a constantly increasing linear

ramp function, and a third with a constant value. The maps

corresponding to positive activation from each b-factor were

examined and those voxels producing activation above a statistical

threshold of z = 4 in all three maps were analyzed. Time courses of

activation were determined from these active voxels, and linear

drifts were removed for each individual voxel. The three stimulus

blocks were averaged to determine a shortened time course. Since

each b-factor is acquired at a slightly different position in time, the

time courses for the different diffusion weightings were shifted to

ensure temporal alignment. The initial fixation period provided a

baseline to determine the percent change in signal, as well as a

static measure of the apparent diffusion coefficient (ADC).

Active voxels were separated into three groups: those which

showed undershoot and progressing amplitude reduction (reduc-

tion by .20%, which corresponds to signal reduction of free

water) under diffusion weighting, those which showed undershoot

but maintained constant amplitude, and those which did not show

a significant undershoot at all. For individual voxels, the presence

of an undershoot was determined by finding the mean of the signal

10 seconds following the cessation of the positive stimulus signal

and comparing it to the baseline signal level. Those voxels in

which the mean during the undershoot phase was not lower than

the mean of the initial baseline signal were considered to have no

undershoot. The mean was used rather than the peak magnitude

so that noise spikes would not interfere with the determination of

the undershoot. The reduction in undershoot magnitude under

diffusion weighting was determined using the same signal means,

and a separation value which based on our b-factors would

separate large and small vessel contributions was used to divide

voxels between the two groups with undershoot. Changes in this

cut-off value or the b-factor values would alter the sensitivity of the

technique to vessels of different blood mobility. The BOLD signal

in the three groups was averaged first within subjects and across

trials, then converted to percent change and averaged across

subjects, The static ADC values were also determined for each

group and averaged across subjects.

Results

All subjects showed positive BOLD activation at each level of

diffusion weighting. The extent of the activation was reduced by

the amount of diffusion weighting, as described in our earlier work

[28]. Given our moving visual stimuli, activation was seen

throughout the visual cortex, extending from primary visual

cortex (V1) into higher order visual areas (V4, MT). All of these

areas were included in the analysis.

As described in the Methods, the active voxels were divided into

three groups based on the distinctly different post-stimulus
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undershoot under progressing diffusion weighting–group 1 in

which the undershoot was attenuated by diffusion weighting,

group 2 in which the undershoot remained the same, and group 3

in which no significant undershoot was found. The average time

courses for each of these groups are shown in Figure 1. The

percent signal change shown here is based on the initial baseline

value, and as such the initial value at the onset of activation in

these average plots may be affected by the slow return to baseline

of the undershoot and any variations that occur between stimulus

periods. It can be seen that the change in positive signal level is

approximately equal in each group, with group 3 having a slightly

lower level of positive activation, although this did not reach

significance at any level of diffusion weighting. For each group, the

maximum positive signal was significantly greater (paired test

across subjects, p,0.05) in the low diffusion weighting of b = 1 s/

mm2 as compared to the two higher diffusion weightings of

b = 63 s/mm2 and b = 125 s/mm2. The change in undershoot

signal level, however, was distinctly different across all three levels

of diffusion weighting for each group. Table 1 summarizes the

maximum signals for both the positive response and undershoot

for the three groups as appropriate, along with a ratio of

undershoot to maximum signal.

The spatial extents of each of the three groups were also

determined. Figure 2 shows the representative activation maps

overlaid onto the high resolution anatomical images. Regions in

group 1 are focal and have a limited spatial extent. Regions in

group 2 immediately surround, but also extend well beyond, the

vicinity of group 1. Areas in group 3 were largely in higher order

visual areas lateral and anterior to the primary visual cortex. This

pattern was consistently observed in all subjects, and the overall

number of active voxels across subjects was similar. To allow a

comprehensive assessment of the spatial distribution of these

groups, a composite spatial histogram (projections from left to

right of the brain) including all activated voxels in all subjects was

obtained, as shown in Figure 3. Specifically, for each subject, the

number of voxels were collapsed onto the horizontal axis, and then

aligned by centering the interhemispheric fissure and averaged

across all subjects.

While spatial continuation was observed within each group, a

clear separation of these groups was also evident suggesting their

individual spatial sensitivities. In particular, the voxels showing

post-stimulus undershoot are largely distributed near the primary

visual cortex, and the voxels with no undershoot are largely

grouped towards the high visual areas. More specifically, the

voxels in group 1 made up 21% of active voxels showing an

undershoot and 8% of active voxels overall. Group 2 comprised

79% and 30% of active voxels with undershoot and overall,

respectively. Group 3, made up of voxels showing no significant

Figure 1. Time courses of activation for each of the three groups. A: Undershoot is observed to change with increasing diffusion weighting.
B: Undershoot shows no change. C: No significant undershoot.
doi:10.1371/journal.pone.0002914.g001
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undershoot, covered the largest area and made up 62% of all

active voxels. The majority of voxels in this third group were

located in higher visual areas.

The static ADC values were also determined for each of these

groups. The average ADC in the group exhibiting a significant

change in undershoot was the highest, with a value of 1.7561023

(+/20.37) mm2/s. The group which had undershoot, but did not

experience a change under diffusion weighting showed an average

ADC of 1.4661023 (+/20.17) mm2/s. Finally, the group with no

undershoot was observed to have an ADC value between the other

two groups, at 1.5561023 (+/20.45) mm2/s. While significant

partial volume effect remains, which may give rise to an averaged

ADC of the various groups within any given voxel, the clear

separation of the ADC values does provide insight on the

dominant signal source within each group.

Discussion

Conclusions
Using flow-sensitized diffusion weighting, we were able to

separate the BOLD response into three distinct groupings based

on the characteristics of the post-stimulus undershoot. These

groups show separate spatial distributions with large differences in

extent and locality. Diffusion weighting will reduce the signal from

intravascular spins, and has been shown to reduce the positive

BOLD signal peak [24,30]. Likewise, undershoot signal arising

from intravascular spins in large vessels would also be reduced by

the application of diffusion weighting. Although the activated

voxels presented in this report all showed some reduction in

positive signal (with minor differences in signal magnitude

changes), voxels with signal reduction in the undershoot as well

are limited to a small, localized, spatial extent and likely represent

larger veins. This is further confirmed by the higher ADC values

displayed within this group. The similarity in the response of the

positive BOLD signal in the presence of undershoot disparities

underscores the lack of specificity in the positive BOLD signal, and

the potential for greater localization when the undershoot is also

considered in the analysis.

A second group of voxels exhibited undershoot; however, its

amplitude was not attenuated by the presence of diffusion

weighting. Since the extravascular component of the large veins

as well as a capillary signal source will not show significant signal

reduction under mild diffusion weighting, given their mostly

parenchyma origins, it is likely that the sources of this second

group would be within these proton pools. In our data, this group

is seen to have a larger spatial extent, some surrounding the larger

Table 1. Signal comparisons.

Undershoot Change (Average voxels = 267+/266) No undershoot change (1037+/2250 voxels)
No undershoot
(2091+/2414 voxels)

Positive BOLD Undershoot Ratio Positive BOLD Undershoot Ratio Positive BOLD

B = 1 2.64% 21.43% 0.542 2.46% 21.02% 0.415 2.20%

+/20.5% +/20.4% +/20.3% +/20.3% +/20.3%

b = 63 2.41% 20.74% 0.307 2.15% 21.05% 0.488 1.93%

+/20.3% +/20.5% +/20.2% +/20.5% +/20.4%

b = 125 2.15% 20.56% 0.260 2.11% 21.03% 0.488 1.86%

+/20.5% +/20.5% +/20.2% +/20.5% +/20.4%

Maximum percent changes in signal from baseline value (mean+/2standard deviation) for positive BOLD and post-stimulus undershoot, and ratio of magnitude of
undershoot to positive peak. The average number of voxels (mean+/+/2standard deviation) across subjects are also indicated.
doi:10.1371/journal.pone.0002914.t001

Figure 2. Activation overlays. Activation extent of the three groups determined by the undershoot response to diffusion weighting for a
representative subject. Green areas represent areas showing no post-stimulus undershoot. Red areas represent those areas in which the undershoot
was modified by the application of diffusion weighting. Blue areas represent regions in which the undershoot was unchanged.
doi:10.1371/journal.pone.0002914.g002
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veins identified in the first group and the rest remaining distal from

the large veins but spatially continuous. This observation is

consistent with these two potentially contributing sources. The

lower average ADC values also suggest extravascular and small

vessel origins. The small attenuation seen in the positive BOLD

activation within this area is likely from the limited intravascular

contribution of the small vessels, which may include venules and

capillaries.

The lack of any undershoot in the third group could have a

number of different causes. The type and duration of a stimulus

[18,36], and thus metabolic demand, can affect whether or not

undershoots are observed. In addition, regional differences in the

regulation of perfusion or vasculature or other anatomic

differences [23,37,38] can affect the BOLD signal characteristics.

In particular, since the BOLD signal is based on vascular

responses, the signal will depend on the density of fine

vascularization and capillary beds [39]. Marcar, et al, [40] found

that the higher vascular density in area V1, as opposed to extra-

striate cortex, led to differences in the responses of these areas to

stimuli, a prediction made earlier by Zheng, et al, [41]. In

addition, Huettel, et al, [42] found that the relation between ERP’s

and BOLD response differed between brain regions, possibly

related to the local vasculature. The ratio of change in CBF to

CMRO2 has been shown to vary between brain regions [43,44],

indicating that the BOLD response does not represent neuronal

activity identically throughout the brain. Outside of visual areas,

Obata, et al, [45] also showed different BOLD responses in

primary motor cortex versus supplemental motor areas (SMA),

with a much smaller undershoot within the SMA. Chiarelli, et al,

[44] also showed a much greater undershoot within visual cortex

than for motor cortex. Smaller scale differences between surface

and tissue vessels will also affect the undershoot signal. Yacoub, et

al, [22] found that different physiological mechanisms seemingly

control the stimulus undershoot for surface and tissue vessels.

Specifically, they found undershoot in both regions, despite

differing CBV responses. Zhao, et al, [21] found a similar

difference in CBV, positive BOLD and undershoot across the

cortical layers. These results may indicate that the mismatch

between CBV, CBF, and CMRO2 that can produce a signal

undershoot may differ across both cortical depth as well as larger

functionally distinct brain areas. Using PET methodology, Ishii, et

al, [46] showed regional differences in resting state metabolism,

CBF, CBV, and oxygen extraction. These differences in baseline

conditions will affect the task-related response, as well.

In our experiments, the distinct localization of group 3 in higher

order visual areas is consistently observed across subjects, as shown

in a composite spatial histogram in Fig. 3. If the undershoot is

primarily a vascular phenomenon, then it should also exist in

higher visual areas where both large and small vessels are present.

Thus the consistent observation of this group would argue against

a vascular origin and support a metabolic basis for the post-

stimulus undershoot. Specifically, the undershoot may be due to a

sustained oxygen metabolism after the cessation of brain functions

[47,48], potentially to restore ion concentrations across the

neuronal membrane [49] and/or restore ATP reserves that were

consumed by the metabolic demand in regions with high brain

activation incommensurate to the energy supply. It could then be

inferred that the lack of an undershoot within the high-order visual

areas is possibly due to a lower metabolic demand in higher visual

regions, which are relayed by the secondary areas from the

primary visual cortex during visual stimulation. Further, the

differentiation of regions based on the amplitude of the post-

stimulus undershoot may provide a new possibility to infer

functional hierarchy of the active brain networks among activated

regions. To fully realize such a classification, work is still needed to

accurately determine the source of the undershoot and any

variations which may exist across brain regions.

In conclusion, our study provides further evidence on the

mechanisms of post-stimulus undershoot. If the primary cause of

the undershoot is a general increase in large veins [8] after the

cessation of the neuronal stimulation, then only the first group,

which showed signal changes with diffusion weighting, and a

subset of the second group immediately surrounding the first

group will be observed in our experiments. However, the spatially

diffuse, yet continuous pattern of the second group often distal

from the large veins shown in our experiments suggests that there

is a significant source for the undershoot other than the large veins.

It is likely that a sustained high oxygen metabolism originated

Figure 3. Activation distribution. Spatial distribution of the three regions from left to right, averaged across subjects. The error bars represent
one standard deviation. The group showing no undershoot is clearly lateralized, while the two groups with observed undershoot show more
centralized peaks.
doi:10.1371/journal.pone.0002914.g003
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from the small vessels may contribute to this phenomenon.

Furthermore, the emergence of the third group in higher visual

areas, in which no undershoot was detected, would suggest the

lack of sustained metabolic demand after activation, as the result of

a lower metabolic demand during visual stimulation. These

findings suggest that our method may be sufficiently sensitive to

differentiate the various activated regions within an active brain

network, and with further confirmation of the undershoot source,

may allow for the inference of vascular and nueronal heirarchy

within those networks.
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