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Abstract

Changesin cerebral blood volume (CBV) and blood magnetization each induce changes in the
transverse relaxation rate of MRI signal that are associated with changesin cerebral activity.
BOLD signal, the preeminent method for non-invasive localization of task-induced brain function
in human subjects, reflects of combination of changesin CBV and blood magnetization.
Intravenous injection of paramagnetic contrast media, usually iron oxide particles surrounded by
larger macromol ecules, can overwhelm the BOLD response and sensitize signal to blood plasma
volume, a method we have deemed “IRON” fMRI. The practical advantage of this technique is the
ability to optimize blood magnetization at any echo time, enabling high detection power and the
use of short echo times; for these reasons, IRON fMRI has become a valuable imaging tool in
animals models. The temporal response of blood plasma volume is quite different from blood flow
and BOLD signal; thus, CBV has been identified as a prominent source of transient features of the
BOLD response. This article reviews the methodol ogical advantages of the IRON method and
how CBV measurements have informed our understanding of the BOLD response.
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1. Introduction

Exogenous paramagnetic agents long have been used to enhance MRI signals associated
with physiological function in the brain and other organs. The first fMRI study of human
task-induced cerebral activation reported changes in magnetic susceptibility due to injection
of agadolinium chelate (Belliveau et a., 1991). Using serial injections to measure cerebral
blood volume (CBV) at rest and during photoic stimulation in each subject, that study
demonstrated a significant task-induced increase of CBV in primary visual cortex.

Although early gadolinium-based studies lacked the high temporal resolution associated
with modern fMRI, many investigators recognized “the possibility of performing continuous
serial imaging of cortical function with subsecond temporal resolution using intravascular
contrast agents at equilibrium within the vascular space” (Belliveau et al., 1991). The key to
enabling dynamic measurement of CBV was the development of paramagnetic contrast
agents that resided in the blood stream for hours, rather than minutes. In fact, suitable agents
for animal studies were developed even prior to the demonstration of BOLD or flow-
weighted fMRI (Josephson et al., 1990, Weisdeder et al., 1990). The excitement generated

"Addr ess correspondence to: Joseph B. Mandeville, Ph.D., Massachusetts General Hospital, Building 149, Room 2301, 13th Street,
Charlestown, MA 02129, (617) 726-0327, (617) 726-7422 FAX, jbm@nmr.mgh.harvard.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mandeville

Page 2

by BOLD fMRI (Bandettini et al., 1992, Kwong et al., 1992, Ogawa et al., 1992) provided
an impetus for the development of complementary methods to shed light on the physiology
underlying the BOL D response.

Although CBV measurements inform many aspects of normal and pathological physiology,
within the domain of “brain mapping” there are two essential reasons to employ CBV
measurements based upon exogenous contrast agent: 1) blood volume influences BOLD
signal, and there are few good alternative methods for dynamically assessing CBV, and 2)
exogenous agents enable manipulation of blood magnetization independently of magnetic
field strength and echo time, which in turn enables high detection power and other
advantageous experimental conditions.

The remainder of this article focuses upon the characteristics that make this technique so
useful for fMRI in animal models, the contributions of this methodol ogy to our
understanding of BOLD signal, remaining questions about the role of CBV in BOLD signal,
and future prospects for fMRI using exogenous agent. Results summarize findings specific
to fMRI employing iron oxide, whereas complementary methods are addressed in the
Discussion.

2. Background and Results

2.1 Signal mechanisms

Injection of paramagnetic contrast mediaincreases the transverse relaxation rate of MR
signal by increasing the local content of agent proportional to the blood concentration and
the local blood plasma volume. Following injection of a bolus of gadolinium, relative
measurements of steady-state CBV can be obtained by integrating the temporal response of
the transverse relaxation rate as the bolus traverses the brain vasculature (Rosen et al .,
1989); this analysis remains the clinical standard for obtaining maps of relative CBV by
“perfusion weighted imaging” (Zaharchuk, 2007). Conversely, if the concentration of agent
in the blood changes very slowly in time, then normalized changes in the agent-induced
relaxation rate report fractional changesin CBV with the same temporal resolution as BOLD
signal. To differentiate this method based upon exogenous agent from other MRI techniques
that are sensitive to aspects of CBV, we now employ the acronym “IRON” fMRI to denote
“increased relaxation for optimized neuro-imaging” (Chen et a., 2001).

Intravascular paramagnetic contrast media produce the signal changes underlying both
BOLD and IRON signals. However, IRON signal is simpler to understand from both a
physical and physiological viewpoint. Whereas the BOLD effect includes signal
contributions from water inside and outside vessels, exogenous agents severely shorten the
transverse relaxation rate of blood water, so signal origins are extravascular (Villringer et
al., 1988). This unique feature of MRI physics — paramagnetic intravascular agents affect
extravascular water, rather than just the small water volume fraction associated with CBV —
is ultimately the basis for the high detection power of IRON fMRI or high-field BOLD
signal. Although clinical doses of gadolinium are not quite uniformly sensitiveto all vessels
sizes (Boxerman et al., 1995), higher blood magnetizations associated with IRON fMRI
have a gradient-echo sensitivity profile that is independent of vessel size (Mandevilleet al.,
2007a), thereby providing accurate measurements of total CBV consistent with the static
dephasing approximation (Y ablonskiy and Haacke, 1994) as long as the agent-induced
relaxation rate far exceeds the induced BOLD relaxation rate due a functional task. This last
criteriais easily satisfied in animal models, but large doses of agent should be employed at
high magnetic field strengths when the accuracy of functional CBV changes is paramount to
the study (Mandeville et a., 2004, Lu et a., 2007).
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From aphysiological viewpoint, exogenous agents enable measurements of blood plasma
volume, whereas BOLD signal has contributions from changes in blood oxygenation in
addition to capillary and venous CBV. Additionally, resting state BOLD relaxation rates,
which act as amplification factors for relative changes in hemodynamic and metabolic
responses, are difficult to measure accurately and routinely. Conversely, the baseline IRON
relaxation rate is determined directly from signal attenuation during injection. Thus, IRON
signals can be converted to percentage changesin CBV, whereasit is difficult generally to
separate functional reactivity from basal physiology using BOLD signal.

2.2. Early studies at MGH

Thefirst dynamic CBV measurements investigated global ischemia (Hamberg et a., 1996).
Subsequently, we initiated efforts to develop and characterize CBV-sensitive imaging for
mapping neuronal activity in animal models after failure to obtain satisfactory results using
BOLD signal. At the magnetic field strengths (2 and 4.7 Tedla) available in our |aboratory at
the Massachusetts General Hospital in the mid and late 1990s, BOLD signal revealed little
more than draining veins and superficial cortex after intravenous infusion of relatively large
doses of psycho-stimulants (e.g., (Mandeville et al., 2001)). In order to determine whether
we could perform fMRI more efficaciously using contrast agent, we employed respiratory
challenges, focal neuronal activation, and pharmacological infusions to evaluate the utility
of CBV-based fMRI relativeto BOLD signal. Prior to these studies, it was unclear whether
this method could improve fMRI detection power relative to BOLD signal for two reasons:
1) when using methods sensitive to the transverse relaxation rate, paramagnetic contrast
agents degrade the signal to noise ratio (SNR), so detection power will suffer unless
functional signal changes due to CBV are large enough to overcome the SNR penalty, and
2) it was difficult to quantitatively relate BOLD signal to underlying changes in physiology
prior to the development of “calibrated fMRI” (Davis et a., 1997, Mandeville et a., 1997),
which provided insight into the resting state BOLD relaxation rate that defines the maximum
achievable BOLD signal.

Although we suspected that exogenous agent might significantly improve detection power,
we did not foresee that the temporal response of CBV might diverge from that of CBF, a
result that has been widely reproduced using this method but one that remains poorly
understood. This piece of fundamentally new physiological information — the slower
temporal response of CBV in relation to CBF — has been very informative for our
understanding of BOLD dynamics. Furthermore, iron oxides have proven invaluable for
fMRI applicationsin animal models.

2.3 Contrast to noise ratio

From a methodological viewpoint, the main distinguishing characteristic of IRON fMRI is
the high detection power afforded by this technique. Although the CNR principlesin this
discussion follow from straightforward MRI physics, some of the consequences may seen
non-intuitive: 1) paramagnetic agent lowers MRI signal yet significantly improves fMRI
detection power; 2) contrast agent sensitizes signal to changesin CBV yet reduces the
dependence of signal changes on basal CBV; 3) spin-echo techniques underestimate changes
in microvascular CBV and cannot achieve signal changes as large as gradient-echo methods;
4) the relative CNR of the BOLD and IRON methods is afunction of stimulus duration.

The contrast to noise ratio (CNR) for fMRI isthe product of SNR and percent signal
changes; injection of agent decreases the former and increases the latter, so how much
contrast agent should be injected for effective IRON fMRI? For experimenters, there are two
adjustable knobs: the echo time and blood magnetization. At any echo time, the optimal
agent dose will drop signal by afactor of e. Shorter echo timesimprove CNR in proportion

Neuroimage. Author manuscript; availablein PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mandeville

Page 4

to the pre-agent SNR, but the penalty for decreasing the echo timeis an increase in the
optimal dose of contrast agent. Figure 1a depicts CNR as afunction of echo time and agent-
induced relaxation rate in the absence of BOLD contamination, which depends upon field
strength. One-dimensional projections of CNR parallel to axes describe dose optimization at
fixed echo time or echo optimization at fixed dose. For pharmacological studiesin rodents at
9.4T, our imaging strategy has been to use very short echo times like 5 ms to minimize
susceptibility artifacts, and we then inject large doses of iron (3040 mg/kg, corresponding
to an agent-induced relation rate of 200/sec) to optimize detection power (Mandevilleet al.,
2004). For single-shot EPI in awake non-human primates at 3T, we employ longer echo
timeslike 20 ms and limit the injected dose to about 10 mg/kg in each session to reduce iron
accumulation due to repeated studies over years (Leite et al., 2002).

Figure 1b depicts the ratio of IRON to BOLD CNR as afunction of magnetic field strength.
At high doses of agent, IRON CNR is proportional to the percentage change in CBV
independent of field strength (Kennan et al., 1998, Mandeville et al., 1998), whereas BOLD
CNR increases with field strength. Consequently, the relative CNR advantage of the IRON
method decreases with field strength. Cal culations have been validated by numerous
empirical results versusfield strength (Mandeville et a., 1998, Chen et al., 2001, Mandeville
et a., 2001, Vanduffel et a., 2001, Mandeville et a., 2004, Zhao et al., 2006, Lu et &l
2007).

The amount of signal attenuation due to exogenous agent varies with CBV across the brain,
so the transverse relaxation rate in Fig. 1arepresents aglobal average. The dependence of
CNR onlocal CBYV is quite different than for BOLD signal, as shown in Fig. 1c (Mandeville
et a., 2004). The range of the theoretical curvesin thefigureis set by the range of results
obtained for the maximal strength of the BOLD signal at 3 Tesla (Leontiev et al., 2007). Ina
regime of very low blood magnetization, such as produced by the BOLD effect, absolute
signal changes have aroughly linear dependence upon CBV, so that large veins and other
high CBV regions, including superficia cortex, exhibit markedly higher BOLD signal
changes than parenchymal tissue. Conversely, an appropriate dose of contrast agent tunes
the peak of the IRON CNR curve to parenchymal tissue while reducing detection power in
regions with very high CBV. Across a 3-fold range of parenchymal CBV, the IRON CNR
curve varies by only about 20%. These different dependencies on basal CBV predict a shift
between BOLD and IRON activation foci across cortical laminae due to the progressive
increase in CBV from inner to outer layers, and thisis observed (Mandeville and Marota,
1999). In gyrencephalic species like monkeys, the shift of IRON activation foci toward
central lamina has the practical advantage of aiding the determination of which cortical bank
isactivated in asulcus (Vanduffel et al., 2001).

It should be noted that the spatial shift of activation foci across cortical laminae cannot be
attributed entirely to the different CNR characteristics of BOLD and IRON fMRI versus
basal CBV. Indeed, several high-resolution studies of cat visual cortex have argued for a
physiological contribution to this shift (Harel et a., 2006, Zhao et ., 2006). The most
obvious physiological source isnon-local BOLD signal changes within draining veins, a
well-established phenomenon. Exclusion of surface laminae was shown to narrow the spread
of BOLD signal tangential to the pia surface (Polimeni et a., 2010), consistent with a
draining vein contribution in superficial cortex. Additionally, total basal CBV and mean
vessel size both increase from middle to outer cortical layers (Mandeville et al., 2007a),
consistent with the notion that superficial cortex contains a greater contribution from large
conduit vessels than the middle cortical layers. Changesin total CBV near the cortical
surface are small; in fact, the mean vessel sizein this region actually drops during activation
as relative changes in microvascular CBV exceed relative changesin total CBV (Zhao et d.,
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2006, Mandeville et al., 2007b). Again, this response is consistent with a greater number of
weakly reactive conduit vessels near the cortical surface.

Because the choice of agent dose enables optimization of blood magnetization irrespective
of whether gradient echoes or spin echoes are employed for acquisition, it istempting to
think that spin echoes could be employed to eliminate macroscopic susceptibility artifacts
while achieving a detection power equal to that provided by gradient echoes. In fact, spin-
echo measurements systematically underestimate changes in microvascular CBV. Asvessels
swell in response to functional activation, more paramagnetic media enters activated voxels
but with a sub-linear effect on the relaxation rate (Fig. 1d), due to a monotonic decrease in
sensitivity with increasing vessel diameter (Mandeville et al., 2007a). As a consequence,
spin-echo measurements are not areliable index of CBV changes in the microvasculature,
and spin echo methods cannot achieve detection powers as high as gradient-echo methods.

2.4 Temporal Response of CBV: Background

The basic dynamics of CBF were well known prior to the first IRON fMRI studies of CBV.
Local blood flow is regulated primarily through changesin vessel caliper at the level of
arterioles, the primary resistance vessels. As such, the temporal response of total CBV must
contain arapid component associated with arterial dilation under active control mechanisms
that enforce neurovascular coupling. As arterials dilate, more pressure is shifted downstream
onto capillaries and venules. Although capillaries once were considered to be nondistensible,
animal studies using perfusion fixation reported that “capillaries are not rigid tubes as
previously portrayed” (Atkinson et al., 1990), but rather have a“ moderate degree of
extensibility” (Duelli and Kuschinsky, 1993). Optical imaging of intrinsic signals and
intravascular dye found rapid and highly localized changesin blood volume (Frostig et al.,
1990), also implicating a capillary response. Together, these data and principles suggested a
rapid response of CBV that is quite similar to CBF in the tempora domain.

Empirical datafor the temporal response of CBV, particularly using long stimulus durations,
were sparse by the middle 1990s. PET studies using respiratory challenges defined a CBF-
CBYV relationship in which relative changesin CBV (v=V/Vg) could be related to relative
changes in CBF (f=F/Fg) by a power law: v = f®, where the exponent was approximately 0.4
(Grubb et al., 1974). However, PET cannot capture the temporal domain with sufficient
resolution to define the hemodynamic responses that accompany rapid changes in cerebral
function. Optical imaging experiments typically employed stimuli of very short duration,
which do not efficiently capture slow-frequency changesin CBV. Moreover, most optical
imaging analyses during the 1990s did not accurately separate absorption due to oxygenated
and deoxygenated hemoglobin, leading to transient features of chromophore concentrations
that were highly exaggerated (Kohl et al., 2000, Lindauer et al., 2001). Optical analyses till
face an ill-posed inverse problem when probing focal activation, due to different sampling
volumes at each wavelength (Boas et al., 2001).

Functional imaging using exogenous contrast agents in animal models opened a temporal
window on the transient response of CBV during focal brain activation. The basic features
of the IRON fMRI response have been observed in anesthetized rodents and awake non-
human primates by multiple laboratories (Mandeville et al., 1998, Vanduffel et al., 2001,
Leiteet a., 2002, Lu et a., 2005, Yacoub et al., 2006, Kidaet al., 2007, Lu et d., 2007,
Silvaet al., 2007, Hirano et a., 2011). CBV shares tempora components with both CBF and
BOLD signal, although the overall temporal response of CBV is markedly different from
CBF and BOLD signal. Empirically, the slow response of CBV appears to adequately
explain the post-stimulus undershoot in BOLD signal, although this response has not been
reproduced by some alternative methods, and other factors also may contribute to the BOLD
undershoot.
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2.5 Temporal Response of CBV: Empirical Results

During focal neuronal activation in arat model, we observed a magnitude relationship
between functional changesin CBV and CBF that was very similar to prior results by PET
after prolonged stimulation, but this relationship was variable during transition states. Using
arelatively long sampling interval of 3 seconds, we found a slow response of CBV
following both stimulus onset and cessation that could be described by a single exponential
function that did not reach a steady state for tens of seconds (Mandeville et a., 1998). We
ascribed the slow CBV response to a passive dilation of capillaries and veinsin response to
increased intraluminal pressure, and we suggested that a CBF-CBV temporal mismatch
could explain the BOLD post-stimulus undershoot. Faster sampling ratesin rat models
revealed both fast and slow CBV temporal components that were clearly differentiated
(Mandevilleet al., 1999b, Lu et a., 2005, Kida et a., 2007, Silvaet a., 2007, Hirano et al .,
2011). Infact, CBV initialy responds as rapidly as CBF measured by laser Doppler
flowmetry (Mandeville et al., 1999b) and faster than BOLD signal (Silvaet al., 2007), which
is shifted relative to CBF due to the washout time for deoxygenated hemoglobin (Marota et
al., 1999). For short stimulus presentations, the slow component of the CBV responseis
subtle and is manifest as a small post-stimulustail (Mandeville et al., 1998, Silvaet a.,
2007). Also, the magnitude of the CBV response after a short stimulus is much smaller in
relation to CBF than would predicted by the steady-state formul ation suggested by Grubb
(Mandeville et a., 1999b, Kida et al., 2007).

During prolonged stimulation, aslow increase of CBV followstheinitial rapid responsein a
way that is generally consistent with alinear model analysis based upon a short stimulus
(Vanduffel et al., 2001, Leiteet a., 2002, Lu et a., 2005, Silva et a., 2007). Figure 2a
shows IRON and BOL D hemodynamic response functions, each scaled to the same
integrated area, as measured in awake non-human primates (Leite et al., 2002); to view
response functions normalized to the same peak magnitude, refer to the original manuscript.
In monkeys, the fast and slow components of the CBV response (Vanduffel et al., 2001,
Leite et a., 2002) are not as obvioudy differentiated asin the rat (Mandeville et al., 1998,
Silvaet al., 2007), which might be a consequence of different arteriole-venous transit times
(see Discussion). However, short and long stimulus paradigms clearly revea two temporal
components in the monkey (Leite et al., 2002).

Qualitatively, the main difference between the BOLD and IRON impul se response functions
is the opposite sign of the post-stimulus tails. Also, the IRON response contains much more
relative strength at long times (low frequencies) relative to the BOLD response. Asa
conseguence, neurona stimulation causes the IRON response to wax and wane slowly
relative to BOLD signa during prolonged stimulation (Figure 2b). As a practical matter, this
means that experiments that require event-related designs or short stimulus durations do not
benefit as much from the use of contrast agent as block designs (Leite et al., 2002, Leite and
Mandeville, 2006), where the slow response is dominant. Aswith BOLD signal,
randomization of inter-stimulus intervalsimproves detection power in event-related designs;
thisis particularly important for IRON fMRI due to the larger fraction of the response at low
frequencies (Leite and Mandeville, 2006). Note that rapid stimulus presentation induces a
pronounced baseline shift of IRON signal, because the low component of the CBV
response does not resolve to baseline during the interstimulus intervals (Leite et al ., 2002,
Leite and Mandeville, 2006).

Can we quantify the relative strengths of the fast and slow componentsin the temporal
response of CBV? Using visual stimulation in awake monkeys, atemporal decomposition of
IRON signal found that 70-80% of the strength resided in the slow component for
prolonged stimulation (Leite et al., 2002). In arat model of forepaw stimulation, the slow
response accounted for about 80% of the response after 30 seconds (Silvaet al., 2007).
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2.6 BOLD Post-stimulus Undershoot

Transients features of BOLD signal can be driven by neuronal transients through
neurovascular coupling, but one transient feature — a post-stimulus undershoot — is
particularly pervasive and appears not to be present with same frequency and strength in
CBF. Following prolonged stimulation, BOLD signal generally drops below baseline for
several tens of seconds, as noted in the earliest BOLD publications (Kwong et al., 1992,
Ogawaet al., 1992). This feature of BOLD signal is so commonly observed that most fMRI
analysis packages include an undershoot in the canonical BOLD impul se response function.

In arat forepaw stimulation model, our data showed that the BOLD post-stimulus
undershoot began at atime point when CBF dropped below CBV following stimulus
cessation, and the post-stimulus undershoot resolved to baseline with CBV (Mandeville et
al., 1999a). Note that elevation of CMRO, during the post-stimulus time window would
shift the onset of the BOLD undershoot relative to the crossover point of CBF and CBV, but
this was not observed. Stimulus-correlated elevation of CM RO, was about 3-fold smaller
than the relative change in CBF, consistent with the range of results obtained in human
studies (reviewed elsewhere in thisissue). The temporal relationship between BOLD and
IRON fMRI data across a wide range of stimulus paradigms provides particularly
compelling evidence that the slow component of CBV affects both signals (Leite et .,
2002).

Data from cat visual cortex found a spatially variable post-stimulus rel ationship between
BOLD and IRON signal (Yacoub et al., 2006). Specificaly, tissue regions exhibited a
response similar to results reported in anesthetized rats and awake monkeys, but superficia
cortex exhibited a BOLD post-stimulus undershoot without a pronounced elevation of CBV
during that time window. These data raise the possibility that changesin blood oxygenation
might account for part of the BOLD undershoot. However, undershoots in arteriole diameter
also might explain a different temporal response of CBV in superficial cortex. Thisissueis
addressed in Discussion.

3. Discussion

3.1 Impact of IRON fMRI studies

IRON fMRI studies had several immediate impacts on the neuroimaging community. From
aphysiological viewpaint, it became apparent that the relationship between blood flow (f)
and volume (v) was far more complicated than the simple power-law relationship (v = %)
suggested by a pipe model or by prior PET measurements. Rather, data demonstrated a
variable flow-volume relationship during transition states and implicated the temporal
mismatch between flow and volume as a source of prominent transient featuresin the BOLD
response. These data motivated the development of computational frameworks of BOLD
signal that allowed for different dynamicsin flow and volume (Buxton et a., 1998) and for
physiological models that attempted to describe those dynamics (Mandeville et al., 1999b,
Buxton et al., 2004, Kong et al., 2004, Zheng and Mayhew, 2009). The variable flow-
volume relationship emphasized the necessity of measuring CBV when drawing inferences
about the temporal evolution of oxygen utilization using the “calibrated BOLD” method
(Mandeville et a., 1999a) and cautioned human studies to avoid transient features of BOLD
signal when CBV data are lacking, as noted by Daviset a. (Daviset a., 1998). Finaly,
CBV measurements in animal models suggested that the BOLD undershoot may result
purely from vascular mechanics, rather than from atemporal “uncoupling” between blood
flow and oxygen utilization (Frahm et a., 1996).

As an imaging technique applied within animal models, IRON fMRI has been invaluable for
numerous applications (Tootell et a., 2003, Jenkins et al., 2004, Mandeville et ., 2011). In
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our laboratory, this method quickly became the imaging tool of choice for most fMRI
applications in animal models, and its use continues to expand with the increased
availahility of suitable contrast agents and the increased awareness of the advantages of the
IRON method, particularly for field strengths below 10 Tesla.

3.2 Open questions and on-going controversies

3.2.1 CBF-CBV models and interpretation—The response of CBV, as measured by
IRON fMRI, clearly exhibits two temporal components following stimulus onset and
cessation: a“fast” response that is comparable to the response of CBF, and a“slow”
component relative to CBF that is most clearly visualized during prolonged stimulation.
Obvioudly, arterial dilation must account for a portion of the fast response, but an elastic
response from down-stream vessels also may contribute. Arterial dilation produces an
increase in intraluminal pressure in capillaries and venules, which should respond in time as
atemporal convolution of arterial dilation with atransit time function. As such, the
downstream elastic response should occur together with the arteriole response but be subtly
skewed toward later times. One indication of the existence of an elastic contribution to the
fast CBV response might be the difference observed between rats and monkeys: while both
CBV components are observed in both species, they are more clearly differentiated in the
rat. The longer arteriole-venous transit time in the monkey might blur the distinction
between temporal components by elongating the elastic contribution to the fast component.

The more interesting part of the CBV temporal response is the slow component, for which
the mechanism is completely unclear. Because the slow component of the CBV responseis
not associated with a pronounced effect on blood flow, arterioles cannot be a major
contributor to this effect. Hence, the slow response of CBV can be explained only by
postulating active control of vessel caliper in capillaries and venules (which can occur on
any time scale, in principle) or by invoking a physical mechanism that opposes the
volumetric expansion in these vessels in response to arterial-mediated pressure changes.

Simple models of the relationship between CBF and post-arteriole CBV have focused on the
latter explanation. Using values for flow and volume normalized to pre-stimulus baselines
(f=F/Fg, v=V/V ), the time derivative of the volume change can be related to flow by atime
constant t

dv_1 _v”%)J
{f(t) 0|

T

If we set the “ delayed compliance” term a(t) to unity and define the time constant to be the
mean transit time (MTT), then this reflects an “ elastic windkessel” (Mandeville et al.,
1999b) or a“simple balloon” (Kong et a., 2004, Zheng and Mayhew, 2009). A step change
in flow produces arapid pressure-modul ated downstream expansion of blood volume that
follows an exponential form on the time scale of the MTT to afinal steady state condition
defined by a power law: v(oo) = f? (00). For stimuli of short duration, where the BOLD
post-stimulus undershoot and the tail of the CBV response are small, this basic form has
been applied to model datafrom fMRI (Friston et al., 2000) and optical imaging (Huppert et
al., 2007). In order to accurately model BOLD dynamics on the time scale of the MTT,
including subtle shifts between the responses of oxyhemoglobin and deoxyhemoglobin
(Huppert et a., 2007), it is necessary to abandon steady-state BOLD frameworks that ignore
transit-time phenomena (e.g., (Ogawa et a., 1993)) and instead use a dynamic
computational framework like the Balloon model (Buxton et al., 1998).
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The elastic windkessel ignores the slow phase of the CBV response, so it cannot describe
empirical IRON datafor prolonged stimuli. One solution to this problem is to extend the
time constant (v = w11 + v) by conjecturing aresistance to volume expansion that resolves
with a new time constant much longer than the MTT (Buxton et a., 2004). The new time
constant can be tuned to explain either afast or a dlow response of post-arteriole CBV, but
not both simultaneously.

By maintaining the MTT in Equation 1 but positing a time-dependent change in compliance,
the downstream response will be comprised of arapid elastic expansion followed by a slow
response driven by “delayed compliance” (Mandeville et al., 1999b). Casting vessel
compliance in terms of CBV and itsrate of change can eliminate the explicit time
dependence of the delayed compliance (Kong et al., 2004, Zheng and Mayhew, 2009). All
these models require the introduction of atime constant in addition to the MTT in order to
describe the IRON fMRI data, and so the downstream response no longer is described by a
time-independent pressure-volume curve; instead, it is aviscoelastic “balloon”. These
models can describe both rapid expansion of capillary CBV, as suggested by optical
imaging, and a subsequent slow response of post-arteriole CBV in order to describe IRON
fMRI data

Stress relaxation of venous smooth muscle is one proposed mechanism for the delayed
compliance effect that produces a low phase of CBV (Buxton et a., 1998, Mandeville et
al., 1999b, Kong et a., 2004, Zheng and Mayhew, 2009). Pressure-response curvesin
isolated ex vivo veins provide a compelling case for the physiological plausibility of this
argument (Porciunculaet a., 1964). However, this mechanism is conjecture. Stress
relaxation data exist only for large veins, which possess amost no resistance and would not
be expected to participate in a pressure-modul ated expansion of post-arteriole CBV.
Alternative mechanismsin vivo include rate limitations on the displacement of extravascular
volume (primarily CSF) during CBV expansion, or even pericyte-mediated capillary dilation
due to vasoactive agents that augment and focus the response of the neurovascular unit. It is
important to emphasize that we understand neither the mechanism nor the volume
compartments (capillary, venule) that produce the slow response of CBV. Stress relaxation
would implicate venous vessels, whereas other mechanisms could involve capillaries as
well, and thereby have implications for the dynamics of oxygen extraction.

3.2.2 Role of venous CBV in BOLD signal—BOLD signal arises from competing
influences that alter the concentration of paramagnetic deoxygenated hemoglobin in atissue
volume. If relative changesin task-induced CBF and CMRO, were matched, then
deoxyhemoglobin would function as an endogenous tracer of venous-weighted CBV, much
as exogenous agent functions as atracer of total CBV. However, CBF outstrips CMRO5 to
increase venous oxygenation (Fox and Raichle, 1986), and this effect exceeds the negative
influence from CBV to produce an increased BOLD signal shortly after increased neuronal
activity. While these basic contributionsto BOLD signal are understood, the precise
temporal and magnitude relationships remain controversial, largely because there is no way
to directly and accurately measure CMRO,. As aresult, CMRO; isinferred asamissing
variablein the BOLD response after accounting for all other contributions, and thisiswhere
CBV methods become important tools for probing BOLD physiology. However, BOLD
signal isinfluenced only by the volumetric response of vessels containing deoxygenated
hemoglobin, and the nature of the “venous’ CBV responseis controversial in severa
respects. What is the magnitude of the venous CBV response in relation to relative changes
in CBF? What is the temporal response of venous CBV, and does this create BOLD
transients including the post-stimulus undershoot?
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Uncertainties in the magnitude response of venous CBV propagate into uncertaintiesin the
CBF-CMRO; response ratio, as measured through the BOLD response. Using temporal
decompositions of IRON fMRI signal, about three quarters of the steady-state response of
total CBV was attributed to the slow component of the response (Leite et a., 2002, Silva et
al., 2007). By comparing changesin total and arterial CBV, the steady-state venous response
was estimated to compromise about half of the total CBV change (Kim and Kim, 2011). Of
course, these results should be normalized to the resting state venous blood volume fraction
for determining the CBV influence on BOLD signal. Assuming that the basal “venous”
contribution is 75% of total CBV, these reports suggest that relative changesin post-
arteriole CBV are two-thirds as large, or even equal to, relative changesin total CBV
following prolonged stimulation. Conversely, the VERVE method estimated that relative
changes in venous CBV are only about 60% as large as changes inferred through the Grubb
relationship (Chen and Pike, 2009a).

Fortunately, the self-correcting nature of the hypercapnia calibration method is such that
uncertainties in the CBF-CBV coupling relationship do not appear to drive uncertaintiesin
CMRO, under most circumstances. Rather, the largest source of variation is statistical and
systematic error in the BOLD-CBF scaling parameter M (Chiarelli et al., 2007, Leontiev et
al., 2007). Nevertheless, a better understanding of the resting state distribution of CBV and
the relative functional responses of arteries, capillaries, and veins ultimately will be required
to improve estimates of CMRO, that are derived from BOLD signal.

During the past decade, the BOLD-CBV temporal relationship has been addressed by
several MRI techniques that report aspects of CBV, and each method has potential
drawbacks. The IRON method measures plasma volume, not red blood cell volume, and so
potential changes in hematocrit during brain activation would be reflected in the temporal
response of this method. Correlations between plasma CBV by MRI and total blood cell
volume by optical imaging provide an obvious means to evaluate this issue, and some
comparisons have shown a high degree of similarity between MRI and optical markers of
CBV and BOLD signal (Siegel et al., 2003, Herman et al., 2009). However, there currently
appears to be no consensus within the optical imaging literature about the response of CBV
or the origin of the post-stimulus overshoot in deoxygenated hemoglobin, asthisissueis
clouded by awide range of sampling methods, tissue volumes, and analysis techniques.

The VASO MRI technique (Lu et al., 2003) sensitizes signal to CBV without the need to
inject contrast agent, which enables measurements in human subjects. The original
implementation of this method inferred changesin CBV by globally inverting signal and
imaging at the null point for T1 recovery of the blood signal, assuming a two-compartment
model comprised of tissue and blood. This method reported that CBV exhibited a slow
decay after stimulus cessation (Lu et al., 2003), but that CBV did not contribute to the
BOLD undershoot when selecting voxels that were activated by both methods (Lu et al.,
2004). Among severa confounds that must be minimized in order to associate VASO signa
with CBV (Donahue et al., 2006), the method must account for all volume compartments
that are being displaced as CBV increases. |n particular, afailure to null signa from cerebral
spinal fluid (CSF) leads to an incorrect sign of CBV changes in some brain regions using a
well-established respiratory challenge (Scouten and Constable, 2007, Scouten and
Constable, 2008). However, data based upon a double-inversion technique to simultaneously
null both blood and CSF signal did not revealed a flow-volume mismatch but rather
attributed the BOLD post-stimulus undershoot to CMRO, (Donahue et a ., 2009).

Unlike VASO or IRON signals, the VERVE technique (Stefanovic and Pike, 2005) is based
upon BOLD signal and thusis sensitive to the same “venous’ CBV compartments that
contribute to the BOLD effect. Because this method isolates intravascular blood signal as a
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difference of spin-echo BOLD measurements, signal changes are weak and a model
correction is required to remove blood oxygenation contributions to the signal in order to
interpret resultsin terms of CBV. The VERVE method reported a negative correlation
between venous CBV and BOLD signal in the post-stimulus region (Chen and Pike, 2009b),
in agreement with IRON fMRI measurements.

3.2.3 BOLD post-stimulus undershoot—Although the BOLD undershoot is a small
feature of fMRI signal that may not seem worthy of the amount of attention it has received,
this phenomenon generates interest due to its potential to reveal aspects of neurvascular
coupling on arelatively short time scale. How tightly does the brain regulate flow and
oxygen delivery during neuronal activity? Results obtained by the IRON method
consistently implicate CBV as a source of the BOLD post-stimulus undershoot, but there
also have been reports of post-stimulus undershoots in CBF (Hoge et al., 1999, Chen and
Pike, 2009b) and arteriole diameters (Hillman et al., 2007, Tian et a., 2010), while other
multimodal measurements have attributed BOLD post-stimulus dynamics to CMRO- (Lu et
al., 2004, Donahue et a., 2009).

Given the tight temporal correlation between the BOLD post-stimulus undershoot and the
IRON response, any model of the post-stimulus undershoot should explain this relationship.
If we start from aviewpoint that a flow-volume mismatch occurs and contributes to the
BOLD post-stimulus undershoot, what implications can be drawn for other measurements?
First, a post-stimulus undershoot in arteriole CBV must occur in order to counter decreased
resistance (elevated volume) in post-arteriole compartmentsif the CBF responseisto
normalize (or undershoot) during the post-stimulus window associated with the BOLD
undershoot. In fact, arteriole diameters undershoot with a temporal response that is roughly
consistent with this explanation (Tian et a., 2010). Some estimates ascribe the majority of
cerebral arterial resistance to pial and larger arteries (ladecola and Nedergaard, 2007),
suggesting that the arterial CBV response is more prominent in superficia cortex thanin
brain tissue. A larger contribution from arterioles near the cortical surface might explain two
phenomena: 1) the lack of the characteristic delayed CBV response near superficial cortex
(Yacoub et al., 2006), due to a cancellation between decreased arterial CBV and elevated
post-arteriole CBV, and 2) reports of undershoots in oxygenated and/or total hemoglobin
(Siegel et al., 2003, Huppert et al., 2006) by optical imaging, a modality that weights results
toward superficial cortex. The model outlined here assumes that CBF regulation follows
neural function in the temporal domain.

Considerably more complex issues arise if capillaries participate in the slow response of
CBYV. There are reasons to suspect this occurs: spin-echo and gradient-echo MRI
measurements of CBV have similar temporal profiles (Lu et a., 2007), and regions devoid
of large vessels show a small post-stimulus tail of total hemoglobin change following short
stimuli (Hillman et al., 2007). Elevation of capillary surface area during the post-stimulus
window would facilitate increased oxygen delivery even if CBF has resolved to baseline.
Conversely, asmall post-stimulus undershoot of CBF would provide a mechanism to
renormalize the rate of oxygen extraction into tissue even during post-stimulus el evation of
capillary CBV.

Thus, it is not difficult to envision theoretical scenarios with temporal correlations between
the post-stimulus responses of BOLD signal, total CBV, arteriole diameters, CBF, and even
blood oxygenation with or without post-stimulus elevation of CMRO,. Although the
hypothesis of atemporal mismatch between CBF and CBV accounts for many experimental
observations regarding the BOL D undershoot, physiological couplings certainly add a layer
of complexity to this problem, and the BOLD undershoot ultimately may result from more
than just a slow response of CBV. Once again, the main source of uncertainty derives from
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our inability to measure CMRO, directly, placing an emphasis on the accuracy of other
experimental measurements and illustrating the need to formulate models of the dynamic
functional response that consistently address multi-scale and multi-modality measurements.

3.3 Future Prospects: IRON fMRI as a clinical tool?

The IRON method has not been applied in human subjects to date. While BOLD signal isa
proven neuroscience tool for drawing inferences in multi-subject studies, potential fMRI
applications for individualized medicine, such as pre-operative brain mapping, place a
premium on detection power.

There currently are no iron oxides approved for use as MRI contrast agentsin human
subjects. However, ferumoxytol has been approved in the USA for the treatment of iron
deficiency anemiain adult patients with chronic kidney disease (Lu et a., 2010). With a
blood half-life of hours, this agent is a suitable candidate for clinical fMRI, soitis
appropriate to speculate whether the recommended intravenous iron dosage of 510 mg
would enable effective clinical brain mapping. Using a body weight of 70 kg to normalize
this dose, standard theoretical calculations and empirical datain awake non-human primates
suggest that this dosage should improve detection power relative to BOLD signal by factors
of approximately 5 at 1.5 Teslaand 2 at 3 Tesla(Mandeville et a., 2010), while elevating
total body iron levels by about 10%. Although higher detection power provides a compelling
argument for use of exogenous agent for clinical fMRI, the utility of this method ultimately
will be determined by safety profiles for injected agents and by a broader range of issues
that have limited the clinical use of fMRI to date (Jezzard and Buxton, 2006).
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Figure 1.

Contrast to noise (CNR) concepts for IRON fMRI. @) In the plane of IRON detection power
versus echo time and agent-induced relaxation rate (a function of injected dose), the highest
detection powers occur at short echo times with large doses of agent. b) The IRON method
improves CNR relative to BOLD signal, particularly at lower magnetic field strengths. The
shaded region encompasses IRON echo times that range from one quarter to one half of the
endogenous tissue T2*, while the BOLD echo time is matched to tissue T2*. ¢) IRON and
BOLD detection powers have very different dependencies on basal CBV. The scaling of
curves correspondsto 3 Tesla, and the spread of each curveis set by the range of maximal
BOLD signal changes reported in human subjects at 3 Tesla. d) Gradient-echo (GE) signal
acquisitions are insensitive to vessel size, whereas spin-echo (SE) sensitivity drops with
vessel diameter. As a consequence, activation-induced vessel dilation produces larger signal
changes using GE measurements.
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Fig. 2.

LEFT: The impulse response function for IRON and BOLD fMRI, normalized to the same
integrated area, as measured in awake non-human primates (Leite et a., 2002). RIGHT: The
convolution of the respective impulse response functions with along block stimulus,
showing the slow response of total CBV in relation to the BOLD post-stimulus undershoot.
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