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Abstract

In most functional magnetic resonance imaging (fMRI) studies, brain activity is localized by observing changes in the blood oxygenation

level–dependent (BOLD) signal that are believed to arise from capillaries, venules and veins in and around the active neuronal population.

However, the contribution from veins can be relatively far downstream from active neurons, thereby limiting the ability of BOLD imaging

methods to precisely pinpoint neural generators. Hemodynamic measures based on apparent diffusion coefficients (ADCs) have recently been

used to identify more upstream functional blood flow changes in the capillaries, arterioles and arteries. In particular, we recently showed that,

due to the complementary vascular sensitivities of ADC and BOLD signals, the voxels conjointly activated by both measures may identify

the capillary networks of the active neuronal areas.

In this study, we first used simultaneously acquired ADC and BOLD functional imaging signals to identify brain voxels activated by ADC

only, by both ADC and BOLD and by BOLD only, thereby delineating voxels relatively dominated by the arterial, capillary, and draining

venous neurovascular compartments, respectively. We then examined the event-related fMRI BOLD responses in each of these delineated

neurovascular compartments, hypothesizing that their event-related responses would show different temporal componentries. In the regions

activated by both the BOLD and ADC contrasts, but not in the BOLD-only areas, we observed an initial transient signal reduction (an initial

dip), consistent with the local production of deoxyhemoglobin by the active neuronal population. In addition, the BOLD–ADC overlap areas

and the BOLD-only areas showed a clear poststimulus undershoot, whereas the compartment activated by only ADC did not show this

component. These results indicate that using ADC contrast in conjunction with BOLD imaging can help delineate the various neurovascular

compartments, improve the localization of active neural populations, and provide insight into the physiological mechanisms underlying the

hemodynamic signals.

D 2007 Elsevier Inc. All rights reserved.
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1. Introduction

For studies using functional magnetic resonance imag-

ing (fMRI), the most commonly used indicator of neural

activity is a transient increase in the blood oxygenation

level–dependent (BOLD) signal, resulting mainly from an

influx of new oxygenated blood into the region surround-
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ing the active neural population. As cerebral blood flow

(CBF) increases, the efficiency of oxygen extraction

decreases, leading to a BOLD signal elevation that appears

to originate mainly from capillaries, venules and larger

draining veins [1,2]. Accurate localization of neural activity

in functional imaging studies could be improved by

contrasts that are more selectively sensitive to the part of

the signal arising from the small vessels proximal to the

site of the neural generators.

Isolating the capillary contribution of the BOLD signal

has been a relatively elusive goal owing to the complexity of

the hemodynamic response; factors such as the regional
aging 25 (2007) 328–334
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volume of blood, the regional flow of blood and the

concentration of deoxyhemoglobin in the blood all contrib-

ute differentially to the signal. Separating these changing

individual contributions to the BOLD signal as the

hemodynamic response unfolds in time is a difficult task

and generally requires at least two separable physiological

measures. Nonetheless, studies that investigated the phys-

iologic changes underlying the BOLD signal have reached

some consensus concerning some basic attributes of the

response, although the finer points concerning the interac-

tion of these factors remain controversial [3].

Perfusion imaging methods that measure CBF changes

may provide better localization of the capillary hemody-

namic response. However, many perfusion imaging meth-

ods rely on an injectable tracer, which makes this method

less desirable for use in human populations. Other perfusion

imaging methods that do not use injectable tracers rely on

arterial spin labeling, in which a bolus of blood is btaggedQ
with an excitatory pulse and traced after several seconds to

the locations in the brain that have increased CBF [4,5].

However, the temporal resolution is substantially lower

than that in typical fMRI experiments using the BOLD

contrast as the repetition rate for the stimuli has to be

modified to allow for the transit time of the bolus. In

addition, time must be allotted for the spin-labeled protons

to diffuse into the parenchyma.

Intravoxel incoherent motion imaging uses diffusion-

weighting methods to measure task-induced changes in

blood flow that originate primarily in the arteries, arterioles

and capillaries [6]. The apparent diffusion coefficients

(ADCs) are calculated from a range of diffusion weightings

that attenuate the ADC modulation for large vessels that

have a slow and consistent flow. The observed task-induced

changes in the ADC primarily come from smaller vessels

having a faster and more turbulent flow: arteries, arterioles

and capillaries. The method of calculating ADCs applied in

the present report, developed in recent studies by Song et al.

[7,8], uses a cyclical ramping of the diffusion weightings

across sets of three consecutive time points and extracts the

ADC by calculating an exponential fit to the signal across

each of these time-point triplets. In addition, in this

approach, the first time point of each three time points has

a diffusion weighting of zero, thereby providing a conven-

tional BOLD image for that time point. Acquiring the

BOLD images simultaneously with the ADC signals in this

way provides two (orthogonal) contrasts with the BOLD

mainly sensitive to the capillary and venous compartments

and the ADC mainly sensitive to the arterial and capillary

compartments. Combining the information from these

different signal contrasts allows for the delineation of these

various neurovascular compartments, with the intersection

of these contrasts (i.e., those regions activated by both

contrasts) corresponding to the capillary regions closely

associated with the neuronal activities [7,8].

During functional brain activity, the physiological events

occurring within these neurovascular compartments are
bound to differ between the compartments and thus in turn

contribute differentially to the signals recorded in functional

imaging studies. In particular, the canonical event-related

response of the widely used BOLD imaging approach has

several components that have been used in functional

mapping studies. The most robust and by far the most

widely applied component of the BOLD signal is a large

positive response (i.e., increase in BOLD signal) peaking

4–6 s after stimulus onset that arises from a large increase in

CBF [2]. There is a strong consensus that this component is

mostly venous/venule in origin, with also a capillary

contribution [9,10]. Preceding this response in latency, a

few studies have shown a small initial dip in the signal [9,11],

which has been proposed to correspond to an initial increase

in deoxyhemoglobin due to the extraction of oxygen by the

metabolically active neural population [12]. This initial dip is

relatively small and its ability to be robustly detected is still

somewhat controversial, but its activation seems likely to be

derived from the capillary network that is closer to the

associated neural activity than the main BOLD positive peak

and is more focal [12]. Following the main large positive peak

of the BOLD response is a postpeak undershoot, a decrease in

signal below baseline. Although the existence of this

response component, which has been seen in numerous

studies, is not doubted, its source and cause are not yet clear. It

has been hypothesized by some researchers to be related to a

slow effluxion of deoxyhemoglobin-rich blood from the

venous compartment after the CBF has returned to baseline

[13,14] but argued by others to be a result of sustained

increases in oxygen utilization after the vascular response has

recovered [15].

The present study describes event-related BOLD

responses in regions of interest (ROIs) defined by the

dual-contrast and enhanced spatial localization technique

outlined above. That is, with the use of an initial set of

block-design functional scanning runs in which both BOLD

and ADC signals were simultaneously acquired, these ROIs

were defined according to the relative level of activation by

the ADC and BOLD contrasts so as to roughly correspond

to the arterial, capillary and venous compartments. It should

be noted that these voxels were not categorized as being

composed exclusively of a given type of vasculature, given

that we defined these ROIs on a voxelwise basis and each

voxel was large enough to contain some vessels of all types.

We instead identified each voxel according to what type of

vessel likely dominated the observed signal coming from it.

After delineating these neurovascular compartments, we

performed a second set of functional runs that were event-

related in design. From these, we examined the differences

in the BOLD event-related responses of these compart-

ments. These analyses focused on whether any observed

difference in the BOLD responses can be traced to

predictions made from theoretical models of the underlying

physiologic events and how they may differ depending on

the neurovascular compartment in which the dominant

response was recorded.
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2. Methods

Fifteen subjects (mean age, 27 years; seven males) with

no history of neurological disease were scanned in a

General Electric SIGNA Lx 4-T whole-body MRI scanner

at the Brain Imaging and Analysis Center of Duke

University. All participants gave written informed consent

to participate in the study. Five of the subjects were

excluded from the final analyses because they exhibited

excessive head motion or insufficient activation in either

the ADC or BOLD contrasts, leaving 10 subjects who were

included in the final analysis.

2.1. Stimuli

Subjects wore LCD goggles during scanning and were

instructed to fixate on a small cross at the center of their

field of view. Corrective lenses were used for all subjects

who needed them, and a closed-circuit camera was used to

monitor subjects’ eye movements. The stimuli were a pair of

checkerboards formed from a 6�8 grid of squares (vertical
� horizontal). These were positioned in the lower left and

right visual fields, centered 2.58 inferior and 48 lateral of the
fixation, approximating the location used in several of our

previous experiments in visual perception and spatial

attention [16–18] (Fig. 1). Each check square subtended

0.58 of visual angle and flickered at 10 Hz (i.e., on for

100 ms and off for 100 ms), approximately an optimal size

and frequency for producing vigorous hemodynamic acti-

vation in the visual cortex [19].

2.2. Localization of ADC and BOLD compartments

For the first set of functional scans, six oblique axial

slices were chosen such that the imaging plane was parallel

to and centered on the calcarine sulcus, covering areas of the

primary visual cortex corresponding to the location of the
Fig. 1. Visual stimulus used for all experiments, shown with a fixation

cross. Four additional notation lines are included in the figure to indicate

dimensions. These bilateral checkerboard stimuli were flickered at 10 Hz

(inverted every 100 ms) for 500 ms in the lower hemifield, which is

represented in the portion of the primary visual cortex lying on the superior

bank of the calcarine fissure.
stimuli in the visual field (isotropic 3.75-mm voxels; echo

time=50 ms; flip angle=608). In these runs, a block-design

paradigm with simultaneously acquired ADC and BOLD

contrasts was used to localize the neurovascular compart-

ments responding to the bilateral lower-visual field flickering

checkerboard stimuli. This set consisted of six runs, each of

210-s duration and containing alternating 30-s boffQ and bonQ
cycles, beginning with an boffQ cycle and with stimuli

presented only during the three bonQ cycles. The repetition

time (TR) for these combination ADC–BOLD runs was 1 s.

High-resolution T1-weighted spin-echo structural images

were also acquired to provide an anatomical reference for

the functional activity.

In the block functional scans described above, the

diffusion-weighting b-factor was cycled through the values

of 0, 114 and 229 s/mm2 during each successive three TRs

to derive the ADC values. Isotropic weighting gradients

were embedded into a gradient-recalled spiral imaging

sequence, as described in an earlier study [7]. For each 3-s

cycle of the functional run, an ADC value was determined

using a simple exponential fit based on the relationship that

F ¼ e�bD

where F is the signal attenuation factor due to diffusion, b

is the diffusion-weighting factor and D is the ADC.

An exponential fitting routine was carried out for each

cycle of dynamic diffusion weighting, thereby yielding

a dynamic time course of ADC values. For each subject,

the dynamic ADC time courses were fit with a spline func-

tion and averaged together across runs to improve statis-

tical significance.

Because of the dynamic cycling of the diffusion-

weighting b-factor values, the b-factor was equal to zero

at every third time point (i.e., every third TR) during the

image acquisition. Thus, an extraction of these samples

yielded a sequence across time of conventional BOLD

functional images acquired simultaneously with the ADC-

derived images.

For each subject, voxels were chosen separately from the

BOLD functional time course and the ADC functional time

course if they showed an increase in activation during the

bonQ cycle, with a significance of tN4.00. Voxels activated

by the ADC but not the BOLD time formed an ADC-only

ROI for each subject, those activated by the BOLD but not

the ADC formed a BOLD-only ROI and those that were

jointly active for both signal measures formed an ADC–

BOLD overlap ROI.

2.3. Event-related BOLD responses

In the second set of functional imaging runs, an event-

related visual stimulation paradigm was used to estimate the

impulse response function of the BOLD signal in each of the

ROIs associated with the various neurovascular compart-

ments as described above. The same six slices were imaged

without diffusion weighting. Four of these event-related runs

were recorded for each subject, consisting of 20 trials of 15-s



Fig. 2. Signal time courses in the block-design paradigm grand averaged

across subjects. Plots of the ADC signal change observed in areas activated

by the ADC contrast and the BOLD signal change observed in areas

activated by the BOLD contrast are shown.
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duration each, with the visual stimulus checkerboard

flickering during the first 500 ms of each trial. A long

interstimulus interval was used to minimize hemodynamic

response function overlap. ATR of 500 ms was used to better

sample the temporal characteristics of the event-related

hemodynamic responses. With a 500-ms TR and allowing 5 s

at the beginning of each run for the signal to stabilize, 610

volume images were acquired for each 305-s run of 20 trials.

For each subject, the hemodynamic response function

was calculated by averaging each epoch time locked to the
Fig. 3. An example of the three neurovascular compartment ROIs derived from the

superior to inferior and chosen such that the calcarine fissure lay between the th

symmetric about the medial fissure and for the most part confined to the superio
onset of the stimulus across each of the ADC-only, BOLD-

only and ADC–BOLD overlap ROIs. These responses were

averaged and analyzed over subjects to provide population

estimates of the BOLD response in each compartment and

were then converted into units of percentage of signal

change from baseline using a prestimulus baseline epoch of

�1.5–0 s. Periods of the averaged BOLD responses that

corresponded to the components of interest in the hemody-

namic response were analyzed. The initial dip epoch was

evaluated for the interval ranging from 0 to 1.5 s, the main

positive response was evaluated from 4 to 5.5 s and the

undershoot was evaluated from 8.5 to 13.5 s. For the

comparison of these response components between com-

partments, the percentage of signal change was averaged

over the epoch of interest and compared using a paired t test

across subjects.
3. Results

3.1. Localization of the neurovascular compartments

Both the ADC and BOLD contrasts showed robust

activations during the neurovascular compartment localiza-

tion runs, as evidenced by the grand-averaged time courses.

ADC activation showed synchronized and robust activation

during the task period, with magnitudes of both percentage

changes and variances larger than those with BOLD

activation (Fig. 2).

The neurovascular compartments were derived from the

areas activated during the block-design visual stimulation

runs using both the ADC and BOLD contrasts. As discussed

in the Methods section, three regions were characterized: the
BOLD and ADC signals in a single subject. The slices are numbered from

ird and fourth slices. Notice that the overlap of the two compartments is

r bank of the calcarine fissure (slices 1–3).



Fig. 5. The event-related BOLD response in each of the three neurovascular

compartments grand averaged across the 10 subjects. Note that each time

point represents the signal from the half-second interval immediately prior

to that time point.
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ADC-only, ADC–BOLD overlap and BOLD-only regions.

In single subjects, at the same level of statistical signifi-

cance, the BOLD activation consistently encompassed a

larger area than did the ADC activation (Fig. 3). Both the

ADC and BOLD activations were observed bilaterally on

the superior bank of the calcarine sulcus (Figs. 3 and 4),

which is consistent with the known retinotopy of the

primary visual cortex (V1) for visual stimuli in the lower

visual field [20–22]. However, there was considerable

residual BOLD activation also seen on the lower bank of

the calcarine sulcus, presumably due to some portion of the

signal arising from veins that drain the upper bank of the

sulcus, thus reflecting some of the limitations of the precision

of BOLD-based neuronal localization. The overlapping

region between the ADC and BOLD activated areas, which

should presumably be dominated by the capillary regions

proximal to the actual neuronal activity, showed robust

activation restricted to the superior bank of the calcarine and

away from the occipital pole, corresponding appropriately to

the peripheral lower-field visual stimulation that was used.

3.2. Event-related responses in the

neurovascular compartments

BOLD time courses from the event-related visual

stimulation runs were extracted and averaged within these

compartments to more closely assess the signal origins and

response componentries of the aforementioned three com-

partments identified by the ADC and BOLD activations.

The grand-averaged event-related time courses across

subjects for the three ROI compartments, given in units of

percentage of signal change, are plotted in Fig. 5.

As expected, the ADC–BOLD overlap and BOLD-only

regions showed large amplitudes of the main positive

BOLD signal change, with the ADC-only region showing

a much smaller response as compared with the other two

compartments. This was reflected statistically by there being

a significantly larger BOLD signal amplitude over the time

interval (4–5.5 s) corresponding to the positive response

(two-tailed t test of the ADC-only region against the ADC–
Fig. 4. Map of the areas activated by the ADC contrast. This figure was derived

collapsing across subjects for this figure was performed after rigidly aligning (i.e.,
BOLD region and the ADC-only region against the BOLD-

only region; each significant at Pb10�5). In addition, this

main BOLD response was larger in the ADC–BOLD

overlap region than in the BOLD-only region (two-tailed

t test; P=.001).

Immediately after the onset of the stimuli, the ADC–

BOLD overlap region showed a small but significant

transient signal reduction (one-tailed t test against a

prestimulus baseline; P=.013). This observation supports

the existence of an initial dip in the capillary networks.

Interestingly, the ADC-only region also showed a smaller

but also significant initial dip that could be due to the

inclusion of the small arterioles where oxygenation extrac-

tion would occur (P= .05). The initial dip was not

significant in the BOLD-only region.

After the main positive BOLD response, the ADC–

BOLD overlap and BOLD-only regions showed a large

signal undershoot (two-tailed t test against baseline yielded

P=.009 and P=.017 for the ADC–BOLD overlap region

and the BOLD-only region, respectively). In contrast, the
from a random effects analysis of the ADC activation across subjects. The

anchoring) the individual subject contrasts with respect to the occipital pole.
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ADC-only region did not exhibit a poststimulus undershoot

(PN.6).
4. Discussion

In this study, we first performed a series of block-

design functional imaging runs using an MR pulse

sequence that allowed the simultaneous extraction of both

ADC and BOLD signals, the combination of which then

allowed the delineation of voxels relatively dominated by

the different vascular compartments. This was followed by

a conventional event-related BOLD contrast paradigm

using selective averaging and the extraction of the three

hemodynamic response functions for the venous-dominat-

ed, capillary dominated and arterial-dominated compart-

ments as delineated by the ADC–BOLD analyses. The

response waveforms for these three compartments were

unique with respect to the salient features of the canonical

hemodynamic response: the initial dip, the main positive

response and the poststimulus undershoot. These differ-

ences may be understood in the context of the prevailing

theories of the physiologic bases of the contribution of

each vascular compartment to these features of the hemo-

dynamic response.

The possibility that the BOLD signal would show an

initial dip was first hypothesized with the use of optical

imaging by Grinvald et al. [23], who observed a brief local

increase in deoxyhemoglobin optical signal in the active

cortex preceding a large rise in the oxyhemoglobin signal

(caused by the increased CBF corresponding to the positive

BOLD response). These two effects, which can be

independently observed by optical measurement recording

signals at different wavelengths, become conflated when

measured with the BOLD contrast. Several researchers

[9,11] reported observing this initial dip in fMRI experi-

ments in certain voxels and attributed it to the contribution

of signal from the capillary bed close to the true neuronal

activity. Kim et al. [24] took advantage of the increased

spatial specificity of the initial dip to report on the mapping

of ocular dominance columns in cat visual cortices. These

fMRI studies functionally identified voxels depending on

whether they showed a significant initial dip in the BOLD

signal and used the optical imaging studies to provide a

theoretical frame for the argument that the voxels were

corresponding to the capillary compartment. The present

study helps strengthen the connection between these two

previous lines of work by providing a means of identifying

the capillary compartment that uses an independent measure

from the BOLD signal, is based on the physiology of

the blood flow and turbulence characteristics of the capil-

lary compartment, and can be incorporated into existing

fMRI designs.

In the present study, we observed a significant initial dip

in the event-related responses in the ADC–BOLD overlap

compartments and a smaller, marginally significant one in

the ADC-only compartment. In contrast, the time course
averaged over the BOLD-only region did not show a

significant initial dip, consistent with it being derived

mainly from large venules and veins. In these regions, by

the time the blood with an increased concentration of

deoxyhemoglobin starts to reach and collect in the venous

compartment, its influence would be overwhelmed by the

influx of oxygenated blood that gives rise to the positive

BOLD response. Accordingly, the initial dip, arising from

an accumulation of deoxyhemoglobin, would be counter-

acted by the beginning of the positive response of the

BOLD signal. Only in areas exhibiting a particularly strong

and focal increase in deoxyhemoglobin would the signal dip

transiently override the positive signal increase due to the

oxygenated blood influx and cause an overall transient dip

in the signal.

As expected, the main positive response was much

stronger in the ADC–BOLD overlap and BOLD-only

regions than in the ADC-only region. In that the ADC-

dominated voxels would be expected to most closely

correspond to the arteriole and artery neurovascular

compartments, which would be mostly located upstream

of the active neural population and active oxygen extraction,

the blood at that point should be highly oxygenated.

Accordingly, these regions would not be expected to show

significant event-related BOLD signal changes. Another

observation in the present data was that, although the ADC–

BOLD overlap and BOLD-only regions both showed strong

levels of the main positive response after spatial averaging,

the response in the ADC–BOLD overlap region was

significantly larger than that of the BOLD-only one. This

result suggests that the focal capillary dominated regions

may be able to contribute a fairly concentrated main BOLD

response and that the venous contribution, although

substantial, is more broadly distributed across a much

higher number of voxels, as demonstrated by its larger

spatial extent.

Lastly, a poststimulus undershoot was observed in the

ADC–BOLD overlap and BOLD-only regions. The under-

shoot may be due to a vessel dilation [14] or an elevated

metabolic state persisting after brain activation [15]. In

either case, the origin of the undershoot is predicted to be

localized primarily to the venous compartment; thus, its

presence in the present study helps confirm the hypothe-

sized origin of the functional signal coming from this

compartment. In contrast, the ADC-only region did not

show a significant poststimulus undershoot. This observa-

tion is consistent with the reported characteristics of the

CBF changes as blood flow would quickly return to baseline

at the offset of brain activation.
5. Conclusions

The differing componentries of the responses provide

support for several current theories concerning the physiol-

ogy of the BOLD response in the various vessel types while

also helping confirm that the different neurovascular
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compartments can be functionally separated using our ADC–

BOLD technique. The active neural population regions

appear to be appropriately associated with the compartment

identified by the ADC–BOLD overlap, with its localization

being considerably more precise than that which would be

obtained with the BOLD contrast alone.
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