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ABSTRACT: Functional MRI signal based on the blood oxygenation level-dependent contrast can reveal brain
vascular activities secondary to neuronal activation. It could, however, arise from vascular compartments of all sizes,
and in particular, be largely influenced by contributions of large vein origins that are distant from the neuronal
activities. Alternative contrasts can be generated based on the cerebral blood flow or volume changes that would
provide complementary information to help achieve more accurate localization to the small vessel origins. Recent
reports also indicated that apparent diffusion coefficient-based contrast using intravoxel incoherent motion (IVIM)
weighting could be used to efficiently detect synchronized signal changes with the functional activities. It was found
that this contrast has significant arterial contribution where flow changes are more dominant. In this study, a refined
approach was proposed that incorporated the flow-moment-nulling (FMN) strategy to study signal changes from the
brain activation. The results were then compared with those from conventional IVIM- and BOLD-weighted
acquisitions. It was shown that the activated region using the new acquisition strategy had smaller spatial extent,
which was contained within the activated areas from the other two methods. Based on the known characteristics of the
conventional IVIM and BOLD contrasts, it was inferred that the FMN-IVIM acquisition had improved selective
sensitivity towards smaller vessels where volume changes were prevalent. Therefore, such an acquisition method may
provide more specific spatial localization closely coupled to the true neuronal activities. Copyright © 2003 John

Wiley & Sons, Ltd.
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INTRODUCTION

The field of functional neuroimaging research has seen
rapid progress in the past decade, driven by the explosive
growth of functional magnetic resonance imaging
(fMRI)."® The fMRI signal, based on the blood oxy-
genation level dependent (BOLD) contrast,” has proven
to be a robust secondary effect as a result of neuronal
activity. However, because of its sensitivity to a wide
range of vasculature as the blood oxygenation level
changes are the results of changing cerebral blood flow
(CBF) or volume (CBV) within these networks, the
signal localization ability of the BOLD technique to the
true neuronal activities is compromised.®'* Alternative
methods that can detect changes in CBF''" and
CBV'*'® were adopted to provide complementary
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information that can lead to more detailed understanding
on the response of the brain vasculature to neuronal
activation and, in turn, to better localization to the small
vessel networks that are closely coupled to the true
neuronal activities.

Because of the mutual influences among the blood
oxygenation level, CBF and CBV changes are not yet
fully understood, investigations that integrated multiple
contrasts in one experiment have been carried out to
understand their coupling mechanism. Methods that
allowed simultaneous non-invasive assessment of the
BOLD and CBF changes'’~® have been developed and it
was suggested that arterial spin-labeled CBF imaging
may lead to better localization to the smaller vessel
networks.”” The application of CBV contrast in fMRI
were used less frequently in humans as most of the
traditional techniques require exogenous contrast agents
which are not easily applicable in normal human studies.

Recent reports”*>" demonstrated that the apparent
diffusion coefficient (ADC) contrast based on the
intravoxel incoherent motion>'*? (IVIM) model can also
be used to detect task-induced signal changes. Similar to
the conventional CBF changes observed by ASL
methodology with resultant perfusion maps reflecting
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the changes of both the blood flow velocity v and volume
fraction f, the signal changes based on the ADC contrast
were also dependent upon these two factors. However,
they may have a higher temporal resolution compared
with those from ASL methods since the ADC technique
does not require a delay time to allow tagged blood to
enter the imaging slice. It was shown that ADC contrast
mainly originated from arterial and possibly capillary
networks,> but it remained difficult to break down the
components of the ADC changes and correlate them to
the exact vascular compartments. Subsequently, experi-
ments using simultaneous BOLD and ADC contrasts
were carried out to jointly assess the areas with flow and
oxygenation level changes.>® Based on the spatial
overlaps and discrepancies between the BOLD- and
ADC-activated areas, several compartments were deli-
neated that showed prevailing sensitivity to different
vascular pools, including smaller vessels such as
capillaries.

It would be desirable, however, to be able to achieve
small vessel localization using a single contrast. The
afore-mentioned ADC contrast contains contributions
from arteries, arterioles and capillaries, within which
both the velocity and volume changes can be present.
One possible approach would be to separate the smaller
arteriole and capillary contributions from the arterial
contributions. Studies using optical imaging have shown
that task-induced blood volume changes occurred much
more significantly at the level of arterioles and capillaries
than at the level of arteries.**® Thus, a refined approach
that is capable of generating ADC contrast independent
of the velocity changes could be used to directly detect
CBV changes in the smaller vessels. Specifically, we
describe in this report a new technique, which incorpo-
rates a flow-moment-nulling (FMN) strategy into the
ADC contrast using the IVIM weighting method to
largely remove the dependency on velocity changes. Its
performance was compared with those from the conven-
tional IVIM- and BOLD-weighted techniques. It is worth
noting that the draining veins also experience volume
changes, owing to increased blood flow upstream.
However, appropriate parameter settings (e.g. a small
amount of initial diffusion weighting) can be used to first
suppress the large vessel effect.

METHODS

Previous reports using a conventional IVIM weighting
have demonstrated that the ADC contrast can be used to
detect task-induced signal changes.?®*° In a very recent
report,30 it was shown that the signal attenuation factor '
of a specific IVIM weighting strategy can be approxi-
mated by F=|f-J, (cv) + (1 — f)-e "Pin| where fis the
volume fraction of the vasculature, ¢ the flow moment
coefficient of the gradient waveform used for the IVIM
weighting, v the blood velocity to the first order, J, the
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Bessel function, b the inherent diffusion weighting factor,
and Dy, the diffusion coefficient of the brain tissue.
This equation was derived from a simplified two-
compartment model (vasculature and parenchyma) for
the human brain, in which other proton pools such as the
CSF were not considered, even though it would con-
tribute to the resting brain ADC. Nevertheless, it can
easily be seen that the functional signal using this method
is dependent upon both blood velocity and volume
changes.

Flow moment manipulation strategies are often used to
image different vasculature based on their velocity
differences. In this study we propose to incorporate the
FMN strategy into IVIM weighting to study the vascular
contribution to the functional signal that is independent
of velocity changes. With the flow moment nulled
(¢ =0), the signal attenuation factor F can be approxi-
mated as F=|f- g PPsate biooa | (] — ) e PPein| - where
Dgatic_viooa 18 the ADC of static blood, and D, . the
ADC of brain tissue. As a result, the FMN strategy
generated signal changes mostly dependent upon the
blood volume fraction (f) changes. If we denote D as the
ADC of the measured signal, then

e*bD — |f . e*hDslalic_b]ood + (1 _f) . e*bDbrain| (1)

Note that the exponential fitting procedures were carried
out separately within the steady states of resting and
active conditions. Thus, changes in relaxation effects and
proton density from the resting to the active condition
will not affect the derivation of individual D within the
two states. These factors are therefore not reflected in eqn
(1). For very small b-factors (bD < 1), which is true for
our experiments under flow moment nulling, eqn. (1) can
be simplified to

D=~ Dbrain +f<Dstatic,blood - Dbrain) (2)

Since proton pools such as the CSF would also contribute
to the ADC value of the brain in this model, and their
volume fraction remains difficult to determine within the
scope of this paper, one could not use eqn (2) to obtain an
accurate estimate of the absolute blood volume fraction.
However, it can be derived, by taking the difference of
the D at active and resting conditions, that AD o Af. This
relationship indicates that the changes of ADC values
under flow moment nulling can reflect the changes in
blood volume. Of course, the above derivation was based
on the assumption that Dgugic blood and Dyp,in are con-
stants. While there was no evidence that Dgugic blood
changed during brain activation, a recent report’
suggested that Dy,,;, would experience a small reduction
potentially due to cell swelling during brain activation.
This reduction in ADC value, however, would not reverse
the positive correlation between AD and Af, as that would
require the blood volume fraction f to increase even
further to result in an increase of D.

Based on the above discussion, a method that enabled
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Figure 1. Averaged time courses for both ADC contrasts across all six subjects: the time
course from the FMN acquisition is shown in black, and that from the conventlonal un-
nulled acquisition is shown in gray; the unit for the time course is 10~® mm?/s

FMN acquisition was implemented. This method applied
the often-used multi-lobe motion sensitizing gradient to
achieve both the IVIM weighting and flow moment
nulling.38 Parallel experiments using conventional IVIM
weighting without flow moment nulling but with the
same weighting strength and duration were also carried
out to acquire time-course images within the same study.
The spatial locations and activation magnitude of the
activated areas using the FMN-IVIM acquisition were
compared with those obtained with the conventional
IVIM- weighted acquisition. In addition, they were also
compared with those obtained from the intrinsically
acquired BOLD contrast.

Functional neuronal activity was generated in the
visual cortex using a simple flashing checkerboard
delivered through an XGA goggle system (Resonance
Technology, Northridge, CA, USA). The stimulus was on
for three periods, each lasting 30 s and separated by 30 s
blank screen. During the ‘on’ period, the checkerboard
was flashing at a 5 Hz rate. The subjects were instructed
to fixate on the crosshair in the center of the visual field
during the scan and to passively view the visual stimuli.

To allow intrinsic acquisition of BOLD contrast for
comparison, gradient-echo spiral functional images were
taken within the visual cortex parallel to the Calcarine
fissure. Each volume contained four 5 mm-thick oblique-
axial slices of a 64 x 64 matrix at FOV of 24cm. A
repetition time (7R) of 1 s and echo time (TE) of 50 ms
were used. To minimize the inflow contrast, the flip angle
was set at 30° to avoid saturating the imaging plane.
Three b-factors for diffusion/IVIM weighting with flow
moment nulled were 2, 37 and 72 s/mm?, and those for
conventional IVIM weighting (with in-plane flow
sensitivity of 0.76 rads/mm) were 2, 116 and
230 s/mm?. The amplitude and diffusion weighting time
for both schemes were kept the same, and because of their
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different weighting efficiency, the b-factor range was
different. Thus, the maximum b-factor for the FMN
isotropic weighing method was smaller than that for the
conventional isotropic weighting method. However, both
b-factor ranges adequately sample the section of the bi-
exponential decay curve (between the MR signal and
b-factors) most sensitive to the intravascular signal
changes (typically 0-200 s/mm?),?**° thus the resultant
ADC values via an exponential fitting algorithm for both
b-factor ranges would yield accurate representation of the
mobility changes of the intravascular component. The
slow component (i.e. the parenchyma) of this bi-
exponential decay would not, in principle, change
mobility during brain activation, and thus, it would not
affect the activation pattern using either the FMN or
conventional ADC contrasts. The small initial b-factor
was important in suppressing signals from large vessels
with large ADCs, which helped the ADC contrast to
focus on the smaller vessels since this small b-factor was
used to acquire the baseline signal for the exponential
fitting procedure. The three b-factors for both weighting
strategies were cyclically ramped, with each cycle lasting
3 s given the 1 s TR. A total of 70 such cycles (thus 210
volumes) were acquired for each run, generating 70
dynamic points for the ADC time course. Four runs were
acquired for each condition (nulled and un-nulled IVIM
weighting) within each subject, which were then
averaged together to gain statistical power. To serve as
anatomical references, a set of T|-weighted high-resolu-
tion co-planar images was also acquired. An exponential
fitting algorithm, according to the signal equation under
diffusion weighting (F = e ??), was applied to the three
signal values in each cycle of the averaged time courses
for every voxel, yielding an estimated composite ADC
for each voxel at each cycle. This procedure provided a
dynamic time course of the ADCs from the resting state
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Figure 2. The BOLD time course (shown in gray) and ADC time course (shown in black)
within the BOLD-only areas averaged across all six subjects. The lack of ADC activation in
the BOLD-only regions is not due to statistical thresholding effect, confirmed by the ADC
time course. The unit for BOLD time course is arbitrary, and the unit for ADC time course is

107% mm?/s

to activation. A multiple regression algorithm containing
the activation paradigm and linear drift as regressors was
used to delineate statistically significant areas while
effectively detrending any linear drifts in the time course.
The same statistical analysis was carried out in the
inherently acquired BOLD time courses, which were
obtained by gathering the first point of each cycle, to
determine activated areas of BOLD contrast. The
activation (both the areas and time courses within them)
using FMN-IVIM acquisition was compared with those
obtained with conventional IVIM- and BOLD-weighted
acquisitions.

All images were acquired in the form of raw data (i.e.
data before Fourier transformation), which were trans-
ported to an SGI Octane workstation (Mountain View,
CA, USA) for off-line reconstruction. Six healthy
volunteers (mean age 21 years) gave their written consent
approved by the Institutional Review Board of Duke
University Medical Center to participate in the experi-
ment. The study was performed on a General Electric 4 T
whole-body MRI scanner (Milwaukee, WI, USA) run-
ning on the LX platform.

RESULTS AND DISCUSSION

The activated areas, using the FMN-IVIM, conventional
IVIM-, and BOLD-weighted acquisitions, were deter-
mined by statistical significances calculated from the
respective time courses of the dynamic ADCs. The
z-score maps, with a threshold of z > 3.0, were overlaid
on high resolution T-weighted images to illustrate these
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areas. The comparisons of the activated areas and
averaged time courses were made between the FMN-
and conventional IVIM-weighted acquisitions. In addi-
tion, the activation patterns of both IVIM-weighted
acquisitions were compared to that of BOLD contrast.

Plate 1(a) shows activation maps from a representative
subject containing three slices through the calcarine
fissure indicating the responses from the primary visual
cortex, using the two IVIM-weighted acquisitions. The
significant activation based on the ADC changes under
FMN-IVIM weighting is shown in translucent red, and
the activation based on the ADC changes under con-
ventional IVIM weighting is shown in translucent blue.
Significant spatial overlap can be seen between these two
contrasts, with the activation from FMN acquisition
showing a more reduced spatial extent than and contained
mostly within that of the conventional IVIM acquisition.
This smaller spatial extent is the result of the reduced
sensitivity to the velocity changes in the FMN ADC
contrast. Plate 1(b) and (c) shows the activated areas (in
translucent red) using the FMN acquisition and conven-
tional IVIM acquisition overlaid on the activated area (in
translucent blue) using the BOLD contrast, respectively.
It was shown that FMN activations had much smaller
spatial extent than, and were well within, the areas
identified using the BOLD contrast. In comparison, the
activation using conventional IVIM weighting showed
more significant spatial discrepancy with that of the
BOLD contrast.

Across subjects, our combined spatial assessment
revealed that, using the same threshold for statistical
significance; BOLD activation had the largest spatial
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Plate 1. (a) Activation maps (3.0 < z < 8.0) based on the ADC contrast using both the FMN and conventional (un-nulled) IVIM
acquisition from one representative subject. The activation from the nulled weighting scheme is shown in translucent red, and
that from the un-nulled weighting scheme is shown in translucent blue. Significant FMN-ADC activation occurs within the
activated areas using conventional ADC contrast. (b) Activation maps (3.0 < z < 8.0) based on the FMN-ADC (in translucent red)
and BOLD contrast (in translucent blue) from the same subject. Similar to the results seen in (a), most of the FMN-ADC activation
occurs within the BOLD activation. (c) Activation maps (3.0 < z < 8.0) based on the conventional ADC (in translucent red) and
BOLD contrast (in translucent blue) from the same subject. Note the significant spatial discrepancy along with the overlap
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extent, while conventional ADC contrast using [VIM
weighting had intermediate spatial extent (73.4% of that
of BOLD), and the FMN-ADC activation yielded the
smallest extent (25.8% of that of BOLD). The overlap
between the FMN-ADC and conventional ADC contrasts
accounted for 62.3% (majority) of the total activation
using FMN-ADC contrast, and 21.9% of the total
activation using conventional ADC contrast. The overlap
between the FMN-ADC and BOLD contrasts accounted
for 71.0% (the majority) of the total activation using
FMN-ADC contrast, and 18.4% of the total activation
using BOLD contrast. The overlap between the conven-
tional ADC and BOLD contrasts accounted for 41.3% of
the total activation using conventional ADC contrast, and
30.3% of the total activation using BOLD contrast. These
measures confirmed the qualitative findings in Plate. 1.
In addition to the spatial assessment, the time courses
were also averaged within the commonly activated areas
between the two IVIM weighting conditions across all
subjects. Fig. 1 shows the respective time courses for
both conditions. From the averaged ADC time course, it
was estimated that, for FMN acquisition, there was an
average change of 8.8 +2.6%. The magnitude of this
ADC change is smaller than that using the conventional
IVIM weighting method (~11.1 £ 1.2%) derived from
the averaged time course. The mean ADC values from
the FMN acquisition also showed a 29.5% reduction
compared with those obtained from the conventional
IVIM method. Both observations were as expected due to
the removal of the velocity dependence in the FMN
acquisition. It is also worth noting that the time courses of
the ADC showed a brief decrease at the onset of the
visual stimulation and a brief increase at the offset of the
visual stimulation. This was because the transient
ascending phase or the descending phase of the BOLD
signal artificially suppressed or elevated the resultant
ADC values, since the ADC values were obtained by
exponentially fitting every three time points. Thus, these
artificial spikes were markers for the onset and the offset
of the BOLD signal. However, since a block design was
used in our experiments, all these transition points were
excluded from the statistical analysis. That is, only the
time points during steady states were fit for ADC values
and used for statistical analysis. Within individually
activated areas using the two IVIM methods, the BOLD
signal was also averaged across subjects. Larger BOLD
activation of 6.9% within the activated areas using the
flow-nulled ADC contrast was seen, as opposed to 5.6%
for the BOLD activation within the activated areas using
the un-nulled ADC contrast. The reduced BOLD acti-
vation could be due to averaging effects within a larger
activated area using the un-nulled ADC contrast, within
which there would be more upstream arterial contribu-
tions that experience smaller BOLD signal changes.
There were concerns that the reduced spatial extent
may simply be due to the thresholding effect at different
statistical significance. For example, since the BOLD

Copyright © 2003 John Wiley & Sons, Ltd.

activated areas appeared to have a much larger spatial
extent, there were significant areas which showed only
the BOLD, but not the ADC activities. We thereby
reduced statistical thresholds for FMN-ADC contrast to
assess their influence on the spatial extent, although such
operation resulted in more extraneous activation rather
than an increase in spatial extent. To further illustrate
such a finding, the BOLD-only regions were used as a
mask to average the time courses for both the BOLD and
ADC images. The resultant time courses are shown in
Fig. 2. The ADC time course confirmed that it showed no
detectable activation, however it did show the typical
spikes during the onset and offset of the BOLD signal.

Recent reports also suggested that the ADC changes
may arise from the interaction between the background
gradients and diffusion weighting gradients. Studies
using diffusion-weighted spin-echo imaging sequences
from Zhong et al.®® and Does et al.*® indicated that
background gradients near vessels caused by the
susceptibility differences could influence the estimation
of ADC, when these background gradients have odd
symmetry with the diffusion weighting gradients to offset
the effect of diffusion weighting. However, such off-
setting effect can only be seen in spin-echo type
sequences, since the diffusion weighting gradients,
similar to the background gradients, do not change
polarity over time. For the gradient-echo sequence used
in our report, the diffusion weighting gradients were time
varying and did change polarity over time, whereas the
background gradients were relatively constant and did
not change polarity. As a result, the background gradients
cannot be of odd symmetry with diffusion weighting
gradients in gradient-echo sequences, and therefore did
not influence the ADC estimation as they would have in
diffusion-weighted spin-echo sequences.

In summary, the activation using the FMN-IVIM
weighting technique identified overlapping areas be-
tween the activated regions using conventional TVIM-
and BOLD-weighted acquisitions. Since the conventional
IVIM method mostly detects signal changes arising from
the arteries, arterioles and capillaries, and BOLD acti-
vation is sensitive to the veins, venules and capillaries,
the overlap between these two contrasts suggests its
selective sensitivity to the smaller vessel networks,*
which are more closely coupled to the true neuronal
activities. Thus, the FMN-IVIM acquisition would have a
selective sensitivity towards smaller vessel networks (e.g.
arterioles and capillaries), where the task-induced
volume changes are significant.**°

CONCLUSIONS

A new functional imaging method was demonstrated in
which IVIM weighting was used in conjunction with
FMN strategies to localize functional signal synchronized
to brain activation. Theoretical assessment found that this
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new contrast could be predominantly dependent on CBV
changes, and experimental evaluation and comparison of

the

performance of this new method with those of the

conventional IVIM- and BOLD-weighted acquisitions
suggested that it could have a selective sensitivity to the
smaller vascular networks. It is thus anticipated that this
new acquisition strategy may be used to efficiently and
effectively achieve more specific co-localization of the
neuronal activities.
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