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Abstract
This paper provides a brief overview of how we got involved in fMRI work and of our efforts to
elucidate the mechanisms underlying BOLD signal changes. The phenomenon discussed here in
particular is the post-stimulus undershoot (PSU), the interpretation of which has captivated many
fMRI scientists and is still under debate to date. This controversy is caused both by the convoluted
physiological origin of BOLD effect, which allows many possible explanations, and the lack of
comprehensive data in the early years. BOLD effects reflect changes in cerebral blood flow
(CBF), volume (CBV), metabolic rate of oxygen (CMRO2), and hematocrit fraction (Hct).
However, the size of such effects is modulated by vascular origin such as intravascular,
extravascular, macro and microvascular, venular and capillary, the relative contributions of which
depend not only on the spatial resolution of the measurements, but also on stimulus duration, on
magnetic field strength and on whether spin echo (SE) or gradient echo (GRE) detection is used.
The two most dominant explanations of the PSU have been delayed vascular compliance (first
venular, later arteriolar, and recently capillary) and sustained increases in CMRO2, while post-
activation reduction in CBF is a distant third. MRI has the capability to independently measure
CBF and arteriolar, venous, and total CBV contributions in humans and animals, which has been
of great assistance in improving the understanding of BOLD phenomena. Using currently
available MRI and optical data, we conclude that the predominant PSU origin is a sustained
increase in CMRO2. However, some contributions from delayed vascular compliance are likely,
and small CBF undershoot contributions that are difficult to detect with current arterial spin
labeling technology can also not be excluded. The relative contribution of these different
processes, which are not mutually exclusive and can act together, is likely to vary with stimulus
duration and type.
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In view of the historical nature of this special Neuroimage issue, this review starts with a
personal reflection by the first author, followed by a comprehensive overview of current
literature as interpreted by all authors.

History and Motivation (by first author)
My interest in fMRI was relatively late, well beyond the exciting first years of most BOLD
discoveries. This was based in part on my attention to developments in diffusion tensor MRI
and my continuing interest in spectroscopy, as well as on some skepticism that I felt toward
the fMRI field, a new phenomenon that did not seem easy to interpret and was prone to
many artifacts. It was not until June of 1995 that Risto Kauppinen convinced me to perform
some combined high-sensitivity 4.7T fMRI/MRS experiment to determine whether lactate
was really being produced during prolonged visual stimulation in the cat brain. Despite
having a 70s time resolution for MRS and the cat having a huge visual cortex with a
burgeoning spectroscopic SNR, we found no lactate changes (Kauppinen et al., 1997). This
convinced us that early suggestions regarding anaerobic metabolism during increased brain
functioning might be incorrect and provided an early indication that fMRI signal changes
were a mystery worthwhile to be investigated. A second interesting phenomenon was that
most investigators interested in elucidating the BOLD mechanism only used extravascular
BOLD theories, while there were some clear indications that much of the effect was
intravascular, especially at 1.5 Tesla (Lai et al., 1993). Third, most models contained
adjustable constants (A, K, beta, alpha), some without a particularly clear physiological
meaning. This provided sufficient motivation to start working on a detailed physiological
and physical theory. Together with Risto’s student Joni Oja, I spent about 6 months reading
up on physiology and deriving equations and we were able to come up with a reasonably
plausible 4-compartment (tissue, arterioles, capillaries and venules) theory for parenchymal
spin echo effects (van Zijl et al., 1998). The model could satisfactorily explain hypoxic
BOLD effects and, assuming predominantly intravascular SE effects, could even be used to
determine plausible absolute CBV values using endogenous deoxyhemoglobin as the natural
contrast agent. Based on Fick’s principle, we derived an exact expression for the fraction of
venous deoxyhemoglobin (dHb) versus total hemoglobin (Hbtot, proportional to Hct), that
contained no unclear constants and, contrary to then-existing theories, was also valid for
hypoxia (van Zijl et al., 1998):

[1]

in which

[2]

Ca is arterial oxygen content and OEF the oxygen extraction fraction; Ya and Yv are the
arterial and venous oxygen saturation fractions, respectively. This expression was combined
with a dependence of the intravascular relaxation rate R2 on the deoxyhemoglobin fraction
to describe SE effects. We used exchange theory to describe the relaxation, but it would
work just as well with diffusion theory (similar curves as a function of echo time). We (Oja
et al., 1999), in line with earlier work (Kennan et al., 1994) and recent data (Jochimsen et
al., 2004) also showed that fMRI spin echo effects at 1.5T were dominated by intravascular
effects (probably in draining veins), contrary to the assumption of others that microvessels
dominate SE effects as based on susceptibility theory for extravascular BOLD effects.
Excellent theories for such extravascular effects had already been described by several
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groups (Boxerman et al., 1995; Ogawa et al., 1993; Weisskoff et al., 1994; Yablonskiy and
Haacke, 1994) and extended by others (Jensen et al., 2001; Kiselev and Posse, 1999). With
respect to physiology, the BOLD extravascular effects around the vasculature add as an
extra term into the effective transverse relaxation rate:

[3]

in which Δχdeoxy is the magnetic susceptibility effect for fully deoxygenated blood
(reported to range between 0.18 and 0.35ppm), fi the vessel fraction, and CBVi the blood
volume for a particular vessel. Thus arterial vessels will hardly contribute (Ya≈1), while
venous vessels (Yv≈0.61) dominate the BOLD effect. Of course the situation is more
complicated because capillaries also contain deoxygenated blood, but with an oxygenation
fraction (Yc) that decreases from 0.98 or lower in the post-arterioles to about 0.61 in the
early venules. In addition, Eq. [3] is based on a static dephasing regime, which will not
apply in the capillaries (Kiselev and Posse, 1999; Ogawa et al., 1993; Weisskoff et al., 1994;
Yablonskiy and Haacke, 1994). Therefore only vascular multi-compartment models (Buxton
et al., 2004; Lu et al., 2004a; Uludag et al., 2009; van Zijl et al., 1998) will ultimately
provide a complete description, but Eqs. [1–3] are useful for qualitative explanation of
intravascular and extravascular BOLD phenomena, especially for the large voxels used in
typical fMRI experiments at 1.5T and 3T. The early efforts by many groups in the nineties
provided useful working equations, but many questions remained and the investigation of
the BOLD mechanism became a main effort in my lab.

The early years of the post-stimulus undershoot (PSU)
Of course we were not the first to notice or become interested in the undershoot. Actually,
some of the very first fMRI experiments (Kwong et al., 1992) already showed its existence
and the discussion became especially interesting when Jens Frahm and colleagues performed
FLASH experiments and showed very reproducible and large undershoots (Frahm et al.,
1996; Kruger et al., 1996). The explanation they suggested for this apparent increase in
deoxygenated hemoglobin was a continued increase in CMRO2 after the stimulus had
subsided, which amounts to an uncoupling of the metabolic and blood flow responses.
Around the same time, Buxton et al. (Buxton et al., 1998) were developing the so-called
“balloon” model to describe the BOLD signal changes in terms of an oxygen-limited tight
coupling between CBF and CMRO2, and explained the undershoot based on a vascular
phenomenon (venous ballooning). Also in 1998, the MGH group (Mandeville et al., 1998)
reported forepaw stimulation results in rats that showed clear delayed post-stimulus signal
recovery in CBV time courses obtained using a long-lived blood contrast agent (MION).
Following additional experiments, they developed the windkessel model (Mandeville et al.,
1999b), explaining the PSU in terms of delayed venous compliance and especially ruling out
continued increases in oxygen metabolism (Mandeville et al., 1999a). Data from one of
these experiments is shown in Fig. 1a. A delayed return in CBV after the stimulus seems
clear, but, interestingly, the increase in CBV is also delayed while BOLD and CBF increase
rapidly. Others soon joined the discussions (Jones et al., 1998; Jones, 1999). These
intriguing early experiments and the discrepant interpretations between the Frahm and MGH
groups set the stage for a still ongoing discussion of the origin of the undershoot in
particular, but also of the correctness of the proposed BOLD models. In this brief review we
will focus mainly on the undershoot. Obviously, BOLD studies by themselves could not
provide answers to which factors contribute as they depend on the many contributions
mentioned above. To acquire a better understanding, it would be needed to develop CBV
measurements that could be done easily and repeatedly in humans (no anesthesia) and could
be combined with available CBF technology. Preferably, a separation of CBV effects in
different vessels, such as possible with optical measurements, should also be available. In
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the following, we describe some of the MRI developments that occurred since the late
nineties that include the use of CBV-sensitive measurements that do not require contrast
agents in humans (Lu et al., 2003; Stefanovic and Pike, 2005) and the elucidation of CBV
effects in different types of vascular compartments using high resolution MRI in animals
(Jin and Kim, 2008b, 2008a; Yacoub et al., 2006). This will be analyzed together with
vascular-tree-specific optical data that provide information on the relative contributions
from different types of blood vessels to vasodilation during functional activation
(Fernandez-Klett et al., 2010; Hillman et al., 2007; Silva et al., 2007). Interestingly, these
recent developments have shed some more light on the PSU but have also induced more
discussion. While performing such analyses, it is important to keep in mind the specific
features (strengths and weaknesses) of each of the methodologies. For instance, MRI signal
reflects water in a voxel and has the many complex contributions outlined above, while
optical signals (especially in humans, but less so in animals) can be hampered by limited
depth penetration and looking at vessels that are not typical for deep parenchyma where the
neuronal activation occurs.

PSUs, big and small
At the end of the nineties, most human scanners were at 1.5 Tesla, where intravascular
BOLD effects dominated especially SE, but also GRE effects. I therefore asked the next
graduate student (Hanzhang Lu) to study the BOLD effect in humans and to especially
account properly for the different contributions of intra- and extravascular effects.
Surprisingly, when trying to remove the intravascular effect using inversion recovery based
blood signal nulling, Hanzhang did not find any positive (extravascular) BOLD effects, but
instead a slight signal reduction that was even more amplified at short TE. This
serendipitous discovery led to the development of the vascular space occupancy (VASO)
method, allowing us to determine CBV changes without contrast agents (Lu et al., 2003; Lu
and van Zijl, 2011). Thus, we could now noninvasively and repeatedly investigate, in the
same person, CBF (from arterial spin labeling), CBV and BOLD effects during visual
stimulation, which we intended to use for measuring OEF and CMRO2 and to increase our
understanding of the BOLD mechanism. While originally not the goal, it was this
experiment that spurred our interest in the BOLD PSU. As expected, our consecutive arterial
spin labeling (ASL), VASO and BOLD experiments provided detailed hemodynamic
responses (Fig. 1c) for the activated regions. However, we were worried that it might not be
proper to compare these responses because the accompanying activation maps showed the
typical much larger spatial spread for BOLD than for VASO and ASL. We therefore decided
that the correct approach would be to compare only voxels that were activated in all three
methods. Surprisingly, this spatially restricted analysis showed a large increase in both the
positive and negative (PSU) BOLD responses, as illustrated in Fig. 1d. We had previously
shown that VASO signals were more localized in the parenchyma while others had
suggested a more arteriolar/capillary location for ASL. So we concluded that the BOLD
hemodynamic response was much larger in the parenchyma than in the draining veins,
where some dilution with blood from non-activated areas probably occurred. Interestingly,
these well-localized responses showed a prolonged PSU, during a time period in which CBV
and CBF changes were negligible. Based on the BOLD equations, the only possible
explanation we could logically come up with was a continued increase in CMRO2 during a
period where CBF and CBV had already returned to baseline. This was of course very
controversial because it basically refuted the balloon and windkessel models, which not only
assumed a tight coupling between oxygen metabolism and CBF but also explained the PSU
in terms of delayed venous vascular compliance. When we presented this at the ISMRM in
2004 it led to some interesting discussions and the audience was separated in excited
believers and not-so-happy skeptics who felt the data had to be wrong. Of course data are
what you measure and thus by definition correct (this applies to the Mandeville data as well
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as our data), but the experimental conditions under which they are obtained may differ
between groups and the interpretation will depend on assumptions made. Submitting the
paper also proved difficult, with typical critiques being that the VASO method had not been
validated and that flow and metabolism just had to be coupled. In addition we should really
explain why the animal experiments showed the slow CBV recovery, even though of course
these were not our experiments. Fortunately, we were able to find great supporting evidence
in the literature. First of all, breakthrough papers were published (Attwell and Laughlin,
2001; Attwell and Iadecola, 2002) indicating that the large flow increase upon neuronal
stimulation was not necessarily metabolically driven but could be a consequence of neuronal
signaling. In addition, an article (Ances et al., 2001) reporting on changes in tissue oxygen
partial pressure (pO2) and cerebral blood flow (measured by Laser Doppler Flowmetry,
LDF) before, during, and after prolonged (60 s) forepaw stimulation in rats, showed a
prominent reduction in pO2 while CBF had returned to baseline. Interestingly, the shape of
the pO2 curve (Fig. 1e) in this report resembled closely our focal BOLD undershoot
(enlarged in Fig. 1f). The time scale of these curves also matched well with observations in
cultured neuronal tissues that lengthy periods (30–40s or more) are needed for restoration of
ionic gradients after neuronal activity is stopped (Brockhaus et al., 1993; Koch and Barish,
1994). Concomitant to the ionic recovery, the Brockhaus paper showed strong post-stimulus
pO2 reductions that increased with stimulus duration (Fig. 8 in Brockhaus). Koch and Barish
used 30 s of stimulation, the same length as the data in Figs. 1c-d. They reported an ionic
restoration half-life time of 8.3 seconds, which was in good agreement with our PSU and the
CMRO2 and OEF recovery curves calculated from that (Lu et al., 2004b). We therefore
interpreted our data as reflecting that the increased metabolism needed to reverse ions across
the membrane is the major component of brain energy use, in line with Attwell and
Laughlin’s calculations. Another potential contributor requiring extra energy would be
neurotransmitter resynthesis/recycling. Our paper was finally accepted (Lu et al., 2004b),
but many MRI experts demanded more evidence, such as reconciliation between animal and
human experiments and validation of the VASO method, all reasonable requests.

VASO versus agent-based CBV experiments
The discrepancy between MION data in animals and the VASO data in humans was a major
stumbling block for MRI investigators to accept our results. Fortunately for us, the group of
Seong-Gi Kim performed some MION-CBV and VASO experiments during visual
stimulation in the cat brain (Jin and Kim, 2008a) that conclusively showed the predominant
spatial localization of VASO signal changes to be in the deep cortex (layer IV), similar to
MION. Furthermore, the MION and VASO time courses were basically the same within
error (Fig. 1b) and showed a somewhat slow return to baseline after stimulation, but much
faster than the SE-BOLD PSU in the same middle cortical ROI (Jin and Kim, 2008b). In
addition, the rise of both the VASO and MION CBV responses of this study was within the
first time point (temporal resolution of 5 s), compared to the very slow rise over a period of
30 s in the Mandeville study (Fig. 1a). When comparing the Kim MION-CBV work with
that of Mandeville, several differences need to be kept in mind. First of all, the stimulated
regions were visual in cat versus sensory (forepaw) in rat. Secondly the anesthesia was
different (isoflurane versus alpha-chloralose) and finally, the field strengths (9.4T versus
4.7T), spatial resolution (0.2 mm3 versus 0.6 mm3), and MRI acquisitions (SE versus GRE)
were different. At first glance, differences in field strength, spatial resolution, species or type
of neuronal activation seemed unlikely to have a major impact on initial CBV dynamics, so
by lack of a better explanation, the different anesthetic appeared to the most plausible cause
at the time. However, a follow-up paper on visual stimulation in awake macaques (Leite et
al., 2002) confirmed the slow hemodynamic rise and decay during MION-based CBV
experiments, disproving this explanation. In addition, optical experiments in both
anesthetized (urethane) and awake rats during Whisker stimulation (Martin et al., 2006)
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showed a rapid rise and return to baseline for total hemoglobin, taken as a measure of CBV.
Anesthetized animals showed a slightly delayed response decay, but still much faster than
the MION curves in the rat and monkey studies. In view of this, we conclude that the
apparently different results between the different MRI-CBV methods and between MRI-
MION and optical data is more a reflection of the type of MRI and optical acquisitions and
the related mechanisms of contrast than of physiology. This is not unexpected because the
MION-CBV contrast mechanism is predominantly susceptibility based. Thus, similar to
BOLD, it will depend on vascular size and orientation, intravascular versus extravascular
contributions and the use of spin echo versus gradient echo acquisition, which will have
different spatial specificity. The relative magnitude of such contributions will vary with field
strength and echo time. Some insight can be acquired from the relaxation equation for
extravascular susceptibility effects in the static dephasing regime (Eq. [3]), but now for
plasma contrast agents:

[4]

in which Δχagent depends on the concentration of MION in plasma. Contrary to BOLD,
which is focused on (partially) deoxygenated blood, all vessel types contribute for MION.
Even in the most simple case of a very high agent concentration that diminishes all blood
signals because of a reduction in T2* and T2 of the blood, the agent’s signal effect is
complex in that it will include spin density effects (similar to VASO) plus the extravascular
effects of equations [3,4] plus contributions from susceptibility effects around vessels
smaller than 10μm. The situation is even more complicated than for BOLD susceptibility
effects because the BOLD effect itself will interfere with the MION hemodynamic response
(Kennan et al., 1998; Kim et al., 2007; Lu et al., 2007). At very short TE it should be equal
to VASO.

Since our original study in 2004, others have confirmed the rapid CBV changes in humans.
Using visual stimulation combined with hypoxic hypoxia (Tuunanen et al., 2006), it was
shown that the BOLD PSU continued much longer than CBV as measured by the VASO
technology. Interestingly, while the positive BOLD effect was reduced during hypoxia,
hypoxia did not affect the length and magnitude of the PSU. It was concluded that the PSU
is not affected by curtailed oxygen availability. Frahm and co-workers recently performed a
beautiful study using dynamic T1-weighted 3D MRI to monitor the temporal profile of
CBV-related signal changes after administration of the “long-lived” (~ 1hr) blood-pool
contrast agent vasovist (Dechent et al., 2011) that binds to albumin. It causes T1 as well as
T2 and T2* shortening, but when used at short TE at 3T, the T1 effects can be made to
dominate. Their data clearly demonstrated a rapid return of CBV-based changes to baseline
after visual stimulation.

Based on the above, we can draw several conclusions for VASO and agent-based CBV
studies. First, VASO and spin echo MION CBV data respond similarly to visual stimulation
in cats, validating the microvascular CBV origin of the VASO contrast. Microvascular
localization by VASO-fMRI is a bit confusing, because a single VASO MRI experiment
will darken all blood, thus giving total microvascular plus macrovascular blood volume.
However, a functional task elicits microvascular dilatation or restriction and the VASO-
fMRI signal changes are restricted to effects from these vessels. This is a bit similar to
diffusion imaging, where microscopic effects can be measured with a macroscopic
technique. The localization of the VASO signal changes is also clear from human data at
lower fields (1.5T and 3T) where BOLD signals include large draining veins, while VASO
data display effects only within tissue (Lu and van Zijl, 2005). Note that small errors in
nulling will affect the magnitude of the VASO change, but not the microvascular
localization.
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A second conclusion is that hemodynamic time courses for VASO and a long-lived T1-agent
studied in humans also correspond in showing a fast rise and decay with stimulus onset and
cessation, respectively. Thus, it appears that much of the controversy regarding earlier
interpretations of the BOLD-PSU origin was more a consequence of different MRI-based
CBV methods having different spatial specificity than a reflection of physiology. In recent
years, more information regarding vascular responses in venules, capillaries and arterioles
has become available, which is bringing us closer to solving the puzzle.

Compartmentation of BOLD and vascular effects
In order to shed more light on the PSU-origin controversy, another group (Yacoub et al.,
2006) performed very high resolution (0.045 mm3) visual stimulation studies in the cat brain
at 9.4T and compared GRE and SE BOLD and GRE-based MION-CBV effects in deep
cortex (which they named “tissue”) and closer to the cortical surface (called “vessel”). Since
no CBV effects are expected inside large vessels, we use “cortical surface” terminology to
reflect that their “vessel” area is still parenchyma but containing pial vessels. The average
data over 4 animals showed no detectable difference between GRE BOLD effects in deep
cortex and the cortical surface, both displaying a PSU of about 10 s after a stimulus of 20 s.
Interestingly, the time course of signal return to baseline after stimulus at the cortical surface
was indistinguishable for GRE-CBV and GRE-BOLD (before PSU onset), while the CBV
return in deep cortex was delayed. Due to the large variation in the CBV data, an exact time
point for return was hard to discern, but probably between 5 and 10 s. This is still
comparable within error to the data of Jin and Kim in Figure 1b, which show a clear BOLD
undershoot in deep cortex long after CBV with both MION and VASO have returned to
baseline. The Yacoub cortical surface data and the Kim deep cortex data therefore
convincingly show that CBV alone cannot explain the PSU, while data from deep cortex
from both Kim and Yacoub indicate there may be some CBV contribution there. The
conclusion of Yacoub et al. was that the effect of vessels other than venous should be
assessed. Around the same time, other investigators (Behzadi and Liu, 2005) suggested an
arterial compliance model to explain the MION-CBV time courses, which is also expected
theoretically as MION-based susceptibility changes affect all vessel types (Eq. [4]).

More insight into the relative contributions of different vasculature comes from recent
optical work showing that blood volume changes during neuronal stimulation in pial arteries
and arterioles are much larger than in capillaries, which are much larger than in venules
(Hillman et al., 2007). This is in line with current understanding that astrocytes play a main
role in such control for penetrating arterioles and capillaries, with further upstream dilatation
probably being a consequence of cellular signaling (Attwell et al., 2010; Iadecola and
Nedergaard, 2007; Koehler et al., 2009; Lauritzen, 2005). When corrected for the fact that
venular and capillary volumes are much larger than arteriolar volume (Hillman et al., 2007),
the relative contributions to total volume change were found to be about 40/40/20 for
arteriole/capillary/venule, respectively (Fig. 2a). Thus, arterioles and capillaries will
dominate the MION-CBV experiments. Interestingly, the optical data for capillaries show a
delayed return to baseline compared to arteriolar and venular hemodynamic responses (Fig.
2a), which may indicate that the delays found by Yacoub and Jin & Kim are of capillary
origin. Recent work using two-photon laser scanning microscopy (Stefanovic et al., 2008)
also confirms that the capillaries contribute significantly to total CBV changes during
activation.

In view of the above indications that arterial and capillary effects may be important for the
BOLD-PSU, the availability of compartmental MRI-CBV methods would be useful. In the
tradition that anything can be measured with MRI, such methods have recently been
developed for both animal and human studies. Kim et al. developed an arterial CBV
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approach and used it to confirm that arterial effects dominate CBV changes during
somatosensory stimulation in rats (Kim et al., 2007) and visual stimulation in cats (Kim and
Kim, 2010, 2011). Their method can be used at high field MRI, where venous blood is
invisible due to short T2*. When removing tissue signal (as much as up to 60%) using
magnetization transfer (MT) weighting, CBVa can be derived using the knowledge that
blood is not affected when irradiating sufficiently off-resonance (Hua et al., 2009; Wolff and
Balaban, 1989; Zhou et al., 2005). They did not separate out capillary effects, but mention
that part of the early capillaries are included in their CBVa. Consequently, the residual part
of the capillaries is included in their venous CBV calculated from the difference of total and
arterial CBV. They found a rapidly responding CBVa (potentially with a small post-stimulus
undershoot or some BOLD contamination) and a somewhat slower responding CBVtot, both
much faster though than the lengthy BOLD undershoot (Kim and Kim, 2010, 2011). When
estimating a CBVv curve, it resembled the Mandeville MION curves, but SNR was not
sufficient for this curve to comment on the PSU.

Recently, we developed a new inflow VASO (iVASO) approach that is sensitive only to
arterial CBV (CBVa) and the arterial transit time (Hua et al., 2011b). Experiments can be
performed in a manner to minimize transit time effects, allowing determination of CBVa as
well as post-arterial CBV (CBVpa) by combining iVASO and VASO data. When looking at
the results for neuronal activation (15 s black and white checker board, Fig. 2b), post-
stimulus CBVa returns quickest and CBV, CBVpa and CBF a bit slower. Actually, when
normalizing CBVa and CBVpa (Fig. 2c), the curves look very similar to the arterial and
capillary data from optical studies (Fig. 2a). Fig. 2d shows CBVa, CBVpa, CBV, CBF and
BOLD experiments (Hua et al., 2011a) for vascular CO2 stimulation (15 s breath hold
preceded by a 5 s exhaling period). Notice that such short exhale-based breath holds do not
cause a PSU, but that longer breath holds may, because of hyperventilation responses. When
comparing the hemodynamic response of the vascular activation (Fig. 2d) to that of the
neuronal stimulation (Fig. 2b), the CBVa increase is comparable (50–60%) in both tasks.
However, while the total relative CBV increase (VASO) is same as CBVa in the vascular
task, it is halved in the neuronal paradigm, indicating different vascular mechanisms. This is
in line with recent work indicating that pre-capillary and penetrating arterioles but not
pericytes mediate functional hyperemia (Fernandez-Klett et al., 2010). On the other hand,
the CBF increase is about 60% in both, in agreement with its presumed predominant
arteriolar and pre-capillary character. Positive BOLD is also the same for both tasks, namely
about 3%. Focusing on the post-stimulus period, it can be seen that recovery is slower in the
vascular task where all modalities return simultaneously without a PSU. CBF never goes
negative in either paradigm. Most importantly, even though the delay time differs between
the two paradigms, CBV, CBVpa and CBF return simultaneously within each paradigm.
However, while neuronal stimulation is followed by a prolonged BOLD undershoot that
lasts about 15s after these vascular parameters have returned to normal, the vascular
stimulation shows no such undershoot. It therefore seems unlikely that vascular effects alone
(even CBVpa) will cause a large undershoot. Based on the data in Fig. 2c, we calculated that
contributions of delayed CBV return and prolonged increases in oxygen metabolism are
about 20% versus 80%, respectively, while CBF effects are negligible even though the
CBVa curve may be seen as showing a brief very small PSU (Hua et al., 2011a). The data
also rule out an arteriolar compliance effects as the CBVa returns quickly post-stimulus.

A method for measuring “venous” CBV has also been developed (Stefanovic and Pike,
2005), the results of which also show a rapid initial decrease of CBVv directly upon
stopping the stimulus, followed by a somewhat slower decay of a remaining small fraction
of the initial CBVv response, the latter close to baseline within experimental error (Chen and
Pike, 2009). This method is sensitive to deoxygenated blood and, consequently, capillary
effects will be included too.
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Recently, a combined NIRS-BOLD study of human brain during visual stimulation
(Schroeter et al., 2006) was performed, which should provide information about
microvascular CBV changes. The NIRS results showed that [Hbtot], typically used as an
indicator for CBV in optical studies, did not change post-stimulus within the error of the
measurement and it was concluded that most of the BOLD undershoot was due to
continuously elevated oxygen metabolism, with a small contribution of CBV remaining
ambiguous. Further support for a non-CBV based origin of the PSU comes from recent
human experiments showing BOLD-PSU effects in draining larger vessels. An event-related
visual stimulation data in humans showed that the ratio of positive BOLD and the BOLD-
PSU in V1 was the same in microvascular and macrovascular regions (Zong and Huang,
2011). In another study, the contribution of vascular signals was manipulated using
diffusion/flow weighting (Harshbarger and Song, 2008). Again large undershoots were
found in vascular regions as well as in deep parenchyma of V1, but, surprisingly, none in
higher visual areas. This absence of an undershoot in higher visual areas can be seen as
separate evidence against a CBV-based undershoot, because the microvasculature in such
regions would be expected to have properties similar to that in V1.

In view of the above optical and MRI results, it seems likely that arteriolar and venular CBV
effects rise and return quickly to baseline during and after neuronal stimulation,
respectively, while capillary vessels react more slowly, perhaps due to the fact that their
regulation is not active (pericyte based) but passive (pressure based) as recently suggested
(Fernandez-Klett et al., 2010). Thus a vascular contribution to the PSU most likely would be
capillary based. Due to the use of venous terminology that includes both venules and late
capillaries as well as arteriolar terminology that includes arterioles and early capillaries, care
has to be taken when interpreting the literature.

Spin echo versus gradient echo BOLD undershoots; more
compartmentation

Contrary to GRE-BOLD effects, SE-BOLD effects are not sensitive to static dephasing
effects (refocused), but are caused by intravascular oxygenation-based T2 changes
(Silvennoinen et al., 2003; Thulborn et al., 1982; Wright et al., 1991; J. M. Zhao et al., 2007)
and extravascular dynamic averaging (Boxerman et al., 1995; Kiselev and Posse, 1999;
Ogawa et al., 1993; Weisskoff et al., 1994). The latter is only significant around the very
small microvessels (< ~10 μm). Both diffusion-based SE effects (Jensen et al., 2001) and
intravascular SE effects (Silvennoinen et al., 2003; J. M. Zhao et al., 2007) increase
quadratically with the field. Due to the big voxels typically used for fMRI in humans, some
large vessels are generally included in the measured BOLD effects and for SE effects, these
dominate at lower fields (Kennan et al., 1994; Oja et al., 1999). At 1.5T, SE-BOLD is
mainly (nearly 100%) intravascular, while this reduces to at most 67% at 3T (Jochimsen et
al., 2004). Using a SE sequence without EPI readout (to avoid potential GRE contributions),
the Norris group (Poser et al., 2011) recently investigated SE-BOLD effects at 1.5T and 3T
and found the same ratio of the positive BOLD effect versus the PSU. In addition, they
found no difference in this temporal response positive/negative ratio between SE and GRE
effects at 3T. When selecting about 25% of the voxels thought to be mainly large-vessel
based, they still detected an undershoot, but about half the size of what was found in the
remaining 75%. Similar to the high-resolution animal data (Jin and Kim, 2008b; Yacoub et
al., 2006) the existence of an undershoot in the large pial vessels and draining veins
indicates a true deoxyhemoglobin change and thus a true OEF change (Eqs. 1,2)
independent of CBV effects, which can be explained only by sustained elevation of CMRO2
or reduction in CBF (neglecting Hct and Ya changes). They also argue that if the GRE
undershoot would have been caused by CBV effects, a much smaller (around microvessels)
or no (around vessels > 10 μm) undershoot would have been visible in the SE effects. This
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argumentation holds true for extravascular effects, but one has to be careful for intravascular
effects, because a delayed recovery of CBV in venules or capillaries could in principle cause
a signal undershoot due to the shorter T2 in these partially deoxygenated vessels compared
to tissue. This would happen both in SE and GRE data. Since recent optical literature
(Berwick et al., 2005; Hillman et al., 2007) is consistently showing negligible venous CBV
changes, this would have to be delayed capillary compliance, which would be in line with
the data in animals (Kim and Kim, 2010, 2011; Yacoub et al., 2006) and the small post-
arterial delay seen by Hua et al. in humans (Fig. 2b). When comparing the visual GRE
effects at 3T (Fig. 2) and 1.5T (Fig. 1d) in parenchymal voxels localized by the overlap of
CBV and CBF responses, a ratio of positive-BOLD/PSU of about 2/1 is found at 1.5T (TR/
TE = 2s/50ms; 5×3.75×3.75 mm3), while this is 3/2 at 3T (TR/TE = 2.5s/45ms; 3×3×3
mm3). Both studies show that better parenchymal localization enhances the BOLD effect
(Figs. 1c,d) and reduces this ratio, i.e. increases the PSU contribution. Better localization
(3T vs 1.5T) shows increased post-arterial effects (Hua et al., 2011a), but a dominating
mismatch between CBV/CBF and BOLD PSU effects remains. Thus, the overriding
conclusion remains that a large fraction of the effect is due to prolonged CMRO2 increases.

One note of importance is that the localization of SE effects shifts from predominantly
intravascular and macrovascular to predominantly extravascular and microvascular at higher
fields (Duong et al., 2003; F. Zhao et al., 2006), providing another opportunity to study
region specific fMRI responses.

CBF as a potential contributor to the PSU
There are some suggestions in the literature that post-stimulus CBF undershoots may
contribute to the BOLD-PSU (Friston et al., 2000; Hoge et al., 1999; Logothetis et al., 2001;
Uludag et al., 2004). This is a logical suggestion based on Eq. 1, showing that a small
change in CMRO2, CBF or Hct will have a large effect on venous blood oxygenation. Such
BOLD changes can occur without a need for CBV changes, although that would constitute
an uncoupling of CBV and CBF unless blood flow is slowed without vascular constriction.
Alternatively, it has been hypothesized that a CBF undershoot could be due to vascular
constriction due to reduced arteriolar CO2 levels post-stimulation, which would allow CBV-
CBF coupling to remain (Yucel et al., 2009).

However, there is a lot of experimental evidence that argues against CBF undershoots. First
of all, most groups never measure a significant CBF PSU in humans (Donahue et al., 2009b;
Donahue et al., 2009a; Gonzalez-At et al., 2000; Hua et al., 2011a; Kruger et al., 1999;
Leontiev et al., 2007; Lu et al., 2004b; Wong et al., 1997; Yang et al., 2000) or animals
(Mandeville et al., 1999b; Mandeville et al., 1999a). Secondly, ASL measurements suffer
from low SNR (1% signal change ≈ 30–40 ml/100g/min) and even when undershoots are
visible, the effect is generally close to the noise level. In addition, older CBF-fMRI
hemodynamic response data may have been confounded by the fact that arterial spin
labeling based CBF responses are affected by underlying BOLD time courses due to the use
of simple control-label subtraction algorithms (Lu et al., 2006), which will cause an apparent
undershoot reflecting the BOLD response. Such BOLD interference of course becomes
stronger at higher magnetic fields and longer echo times and may cause undershoots in both
CBV and CBF experiments. However, more recent studies have started to use surround
subtraction and this problem can probably soon be seen as an issue from the past. Thirdly, it
is often argued that a post-stimulus local field potential (LFP) undershoot (Logothetis et al.,
2001) may cause such a CBF undershoot. However, when analyzing the reported effects in
the monkey brain (Logothetis et al., 2001) it is seen that the length of the LFP undershoot (a
few seconds) appears to be independent of stimulus duration (4s, 12s and 24s). If the LFP
would cause a CBF undershoot, it would not depend on the stimulus duration, which seems
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contrary to current experimental evidence that the BOLD PSU depends on stimulus length.
Of course there is no particular reason to believe that a negative LFP would lead to a flow
reduction. It is becoming more established (although often ignored in some of the MRI
literature) that the initial CBF increase upon stimulation is not a response to increased
CMRO2 demand and traditional neurovascular coupling, but due to neuronal signaling
(Attwell and Laughlin, 2001; Attwell et al., 2010; Iadecola and Nedergaard, 2007; Koehler
et al., 2009; Lauritzen, 2005). It is unclear whether a negative LFP would induce such
signaling. On the other hand, the brief LFP undershoot seems to be of similar length to the
CBVa undershoot in Fig. 2a, so a CBF reduction early after the stimulus could contribute.

Recently, in an effort to assess the effects of CBF and CBV, a detailed study of high- and
low-intensity visual and sensorimotor stimulation was performed (Chen and Pike, 2009).
Venous CBV was measured using the VERVE approach (Stefanovic and Pike, 2005) and
CBF using ASL with BOLD-deconvolution. When looking at the group data (Chen and
Pike, 2009) for 96 s of activation (Fig. 3), all four stimuli show a rapid post-stimulus
reduction in CBVv by 80–90% followed by a somewhat slower decay of the remaining 20–
10%, which is close to baseline within standard deviation. The CBF responses either return
to baseline (Fig. 3a-c, 2nd row) or show a small brief undershoot (Fig. 3d) sometimes again
followed by an overshoot (Fig. 3b,d). The low-intensity stimuli show a clear BOLD PSU
without CBF PSU and minimal CBV delays. Importantly, at the time of the BOLD
undershoot the CBV appears close to baseline on average, while it goes up at later times
when the BOLD PSU has disappeared. This temporal mismatch indicates either a low SNR
of the measurement or the fact that CBV delays do not affect the BOLD signal or both. The
high intensity sensorimotor data surprisingly show no BOLD PSU, despite the apparent
presence of a pronounced delayed CBV return (even though close to error of baseline) and
negligible or positive CBF post-stimulus effects. Finally, high-intensity visual stimulation
gives the usual BOLD PSU, a CBV delay similar to the other 3 stimuli, and a very brief
apparent CBF undershoot. This CBF PSU is about 1/10 of the positive effect during
stimulation, easily big enough to explain the BOLD undershoot of ½ of positive BOLD.
However, it is followed by an apparent CBF overshoot of about the same size when there is
no BOLD PSU or overshoot remaining. Thus our interpretation is that the group data is far
from conclusive about any CBV or CBF contributions and more studies will be needed to
come to a decisive conclusion whether CBF effects contribute.

More recently, in an interesting study comparing checkerboard visual stimulation with and
without flickering at 4 Hz (Sadaghiani et al., 2009), it was found that the PSU disappeared
under static presentation. The data also showed a delayed CBF return for static stimulation
and an apparent CBF undershoot for flickering, but this was not conclusive with respect to
the SNR and perhaps BOLD-convolution. However, stimulation with and without flickering
may be an excellent approach to assess the effects of CBF, CBV, CBVa and CBVpa to
finally put the PSU debate to rest. With respect to our own data, the lower-SNR 1.5T data in
Fig. 1d obtained without BOLD-deconvolution may be seen as suggestive of a CBF
undershoot. However, the higher-SNR 3T CBF and CBV data following the visual challenge
in Fig. 2c seem to clearly exclude small CBF undershoots. On the other hand, the rapid
CBVa decay is followed by what may be a small undershoot. This potential arteriolar
constriction may indicate that some CBF effect cannot be totally ruled out, but it may be too
small to be measured with the low-SNR ASL technique.

In light of the above considerations, we conclude that evidence regarding a CBF undershoot
is still incomplete, mainly due to the fact that ASL is not a very sensitive method in terms of
SNR. However, based on the lack of a finding of CBF undershoots by most groups in
animals and humans it seems unlikely that CBF undershoots contribute greatly to the BOLD
PSU.
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Does hematocrit affect BOLD and CBV measurements?
In principle, the Hct (or Hbtot) may affect both intravascular (Eqs. 1,2) and extravascular
(Eq. [3]) BOLD signal changes (Eqs. 1–3). MRI signal changes based on paramagnetic
contrast agents are also sensitive to Hct (Eq. [4]). Thus, a Hct change could cause several of
the effects seen in BOLD studies or the MION-CBV experiments. For instance, a post-
stimulus reduction in Hct would show a BOLD undershoot and the MION-based CBV
signal would show a prolonged return. When Hct changes, the blood T1 will change and the
VASO signal may get affected. However, we currently don’t have proper techniques to
assess whether Hct changes occur during stimulation or post-stimulation. As a result, both
MRI and optical studies of CBV generally assume a constant Hct during neuronal activation,
as do BOLD-MRI studies. It is currently unclear whether Hct contributes substantially to
either the positive BOLD response or the PSU.

Have sustained post-stimulus CMRO2 increases actually been measured?
Even though the arguments ruling out major BOLD-PSU contributions from vascular
compliance and CBF are strong, the interpretation of sustained CMRO2 increases has a
weakness in that CMRO2 has not been measured directly with MRI or optical approaches.
After being suggested as a possible mechanism in the nineties based purely on BOLD data
(Frahm et al., 1996), the earliest experimental MRI evidence (Fig. 1d) was based on human
BOLD, CBF, and CBV measurements (Lu et al., 2004b). The absence of significant CBV
and CBF changes during the PSU was interpreted as evidence for sustained CMRO2
increases as based on Eq. 1 (assuming negligible changes in Hct). CMRO2 and OEF were
then determined using more complicated multi-compartment modeling of vasculature
(arterioles/venules) and tissue, but the overall conclusion was based on simple physiological
considerations. Using these same scientific arguments, this conclusion was later
substantiated in humans (Dechent et al., 2011; Donahue et al., 2009a; Frahm et al., 2008;
Hua et al., 2011a; Poser et al., 2011) and in animals (Jin and Kim, 2008b; Yacoub et al.,
2006). Especially the high-resolution animal experiments where BOLD-PSUs were
localized in surface pial vessel regions are important, because no delayed CBV effects were
measured there during the BOLD-PSU. This rules out venous vascular compliance as a
potential origin for such regions and the deoxygenation measured during the BOLD-PSU
can only be due to an actual oxygenation effect inside the vessel. The original explanation of
delays in venous vascular compliance was that venous blood oxygenation had returned to
normal but an undershoot is seen due to increased CBV. However, even if blood of normal
venous oxygenation is delayed inside deep cortex, no undershoot will be seen in the surface
vessel regions if there is no CBV change there. Thus, such a surface-vessel undershoot in
absence of surface vessel CBV change has to due to a true OEF contribution and thus either
a CBF reduction or CMRO2 increase (assuming constant Hct and Ya) that occurred in the
contributing parenchyma as reflected in the exact equation 1 above. Interestingly, if an
oxygenation change has occurred in the deep cortex and the venous vessels in there have
delayed recovery, the undershoot may appear to be longer in the surface vessels than in the
deep cortex. An alternative possibility is that OEF changes from deeper areas that are not
involved in the activation can contribute, but this seems unlikely, because the cortex
draining into the surface was selected for the deep-cortex hemodynamic data in these
studies. The current evidence could be improved if intravascular BOLD-PSU data could be
obtained from draining veins, because such data would certainly rule out CBV contributions.
Such experiments should be possible at high magnetic fields.

In an effort to separate out the vascular and most of the CBF contributions from BOLD
signal changes, two groups have performed experiments under conditions of close to
maximal vasodilatation, either using hypotension (Nagaoka et al., 2006) or hypercapnia with
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6% CO2 (Zappe et al., 2008). In both studies, the positive BOLD response disappeared and a
negative, CMRO2-dominated response remained, the length of which was similar to the
positive BOLD response. Unfortunately, neither of these papers studied the BOLD-PSU in
detail. The Zappe study showed a small undershoot during normocapnia that appears to
coincide with part of the negative BOLD effect during hypercapnia, but this was not
mentioned in the paper and the limited dataset does not provide unequivocal proof.
However, studies such as these but then focused on regions with a pronounced undershoot
under normocapnia would be important to perform.

The most direct non-MRI evidence supporting continued increases in CMRO2 comes from
data showing prolonged post-stimulus pO2 reductions in animals (Ances et al., 2001) and
perfused tissue (Brockhaus et al., 1993), the time scales of which are of the same order as
BOLD-PSUs for similar lengths of stimulation.

Back to square one?
Recently, several studies were published that seem to disprove sustained CMRO2 as a cause
of the BOLD undershoot or show more proof for a venous vascular compliance model.

First, in 2010, some experiments were published employing LDF and optical spectroscopy
to study the effect of slightly increased intracranial pressure (ICP) on neurovascular
coupling during somatosensory stimulation in rats (Fuchtemeier et al., 2010). Despite an
increase in baseline CBF of 92% at an ICP of 28 mmHg, these studies still showed
additional increases in CBF (~12%) and CBV (~5%) during stimulus as well as an increase
in deoxyhemoglobin (~4%) concentration, corresponding to a large CMRO2 increase during
activation. However, deoxyhemoglobin, CBF or CBV were found to return to baseline post-
stimulus. Under the assumption that continued post-stimulus increases in CMRO2 should
also occur under these conditions if they are needed to restore the system, the absence of a
dHb overshoot was concluded to reflect that continued increases in CMRO2 cannot
contribute to the BOLD post-stimulus undershoot and that it has to be a vascular
phenomenon. However, this study found a large increase in CBF (92%) without an increase
in baseline CBV, which seems inconsistent with known physiology. When using infusions
of CSF to moderately increase ICP, downstream cortical bridging veins entering the sagittal
sinus are compressed. This should cause some distension of downstream large veins and
possibly venules in the field of view, leading to increases in baseline CBV without
decreasing baseline CBF. The finding of increased CBF without increased arterial blood
volume under conditions of increased downstream pressure is contradictory to expectation.
Also, if venous blood volume is not increased by increased ICP, then it seems unlikely that a
change in the post-stimulus deoxyhemoglobin is attributable to a change in vascular
compliance.

Recently, several papers appeared indicating that the arterial/arteriolar response to
stimulation is fast and that the venous response is slower and may only become visible after
longer stimulation (Berwick et al., 2008; Drew et al., 2011; Hirano et al., 2011; Kim and
Kim, 2011). As the BOLD-PSU has been reported to be a stimulus-duration dependent
phenomenon, this could be one of the likely causes. Also, the contrast-agent based CBV
measurements are dominated by arterial CBV effects which return to baseline rapidly after
stimulation and may overshadow smaller CBVv contributions. Thus the iVASO and agent-
based total CBV measurements may hide the delayed venous effects. When separating out
arterial effects, such CBVv contributions should become visible. This was seen in Fig. 2b
(CBVpa) for the 15 s stimulation and may be more pronounced for longer ones. Also, the
arterial CBV undershoot seems to be short. As such, the relative contributions of sustained
CMRO2, delayed vascular compliance, and even CBF undershoot may vary with stimulus
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length and type and more studies are still needed to acquire a detailed understanding of the
BOLD_PSU phenomenon.

Conclusions
The BOLD-PSU has been a topic of heated discussion for most of the existence of fMRI.
During these two decades more data has become available due to the continued expansion of
available MR technology, which now includes noninvasive measurement of arteriolar,
venous (post-arteriolar) and total CBV changes. These data, together with results from
optical studies provide strong arguments to refute a BOLD-PSU explanation in terms of a
dominant contribution of delayed venous compliance to the PSU. First, high-resolution
animal studies show the clear presence of a BOLD-PSU in selected large-vessel areas of
parenchyma in absence of measurable CBV changes, which can in principle only be
explained by a pure deoxyhemoglobin increase and thus OEF effect (Eq. 1). This
phenomenon indicates that an uncoupling of OEF and CBV has occurred. Second, there is
no convincing evidence of a CBF-PSU in most reported human and animal studies, and even
in the few studies that appear to detect such an effect, the CBF effects are generally close to
within the standard deviation of the measurement. Thus, under the assumption of constant
Hct and in the absence of measurable CBV and CBF effects, the OEF effects in large
draining vessels appear to be due mainly to sustained elevation of CMRO2. Some small
contributions of delayed post-arteriolar (capillary or venular/venous) compliance are likely,
while small CBF undershoots have not yet been ruled out due to the typically low SNR of
ASL experiment. Such a large contribution of CMRO2 under conditions of normalized CBF
and CBV refutes the oxygen-limitation basis of the balloon model.

Some caveats have to be made, however. First, recent studies show a fast and brief arteriolar
CBV decline post-stimulus, which could be related to the short LFP undershoot measured in
monkeys, and it is premature to rule out a partial CBF contribution completely.
Improvement in the SNR of ASL technology is needed to provide more clarity. Also, if such
an arterial CBV undershoot occurs, it may possibly cover up the venous delayed return when
measuring total CBV with either a contrast agent or VASO. Second, a main factor
complicating the interpretation of BOLD-PSU data is that the contribution of arteriolar,
capillary and venular compartments to CBV changes vary with the length of stimulation,
while the BOLD and total CBV approaches measure the combined effect of all
compartments. Optical data show that vascular changes during the onset of brain activation
occur predominantly in arterioles and capillaries, while recent MRI and optical data show a
delayed venous CBV response that increases with stimulation duration. It therefore seems
likely that the contributions of the three possible mechanisms (sustained CMRO2 increase,
CBF-PSU and CBVpa delayed compliance) may vary with stimulation length and type. No
doubt there will be more discussions and data forthcoming before the picture will be totally
clear.
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Figure 1.
(a-d) Collection of hemodynamic response data illustrating the issues surrounding the
BOLD-PSU controversy. (a) GRE-BOLD, CBF and MION-CBV data from forepaw
stimulation in alpha-chloralose anesthetized rats, showing delayed vascular compliance
following stimulus cessation. However, also note the delayed CBV increase during stimulus
onset. Reprinted by permission Reprinted from Mandeville et al., 1999a, Magn Reson Med.
42, 944, with permission from John Wiley and Sons (b) MION-CBV and VASO-CBV deep-
cortex data from visual stimulation in isoflurane-anesthetized rats, showing excellent
correspondence between the two methods and a rapid response to stimulus onset as well as
stimulus cessation. A slower second CBV phase of much smaller magnitude than the
positive response can also be seen, which returns to baseline well before the spin echo
BOLD-PSU has ceased to exist. Reprinted from Jin and Kim, 2008a, Neuroimage. 40, 59
with permission from Elsevier; (c,d) Average time courses (n = 8) from human visual
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stimulation (yellow-blue flashing checkerboard) using VASO-CBV, CBF and GRE-BOLD
for all voxels activated within a certain approach (c) and for only voxels activated in all
three approaches (d), the latter reflecting better localization in parenchymal regions. Notice
the lack of significant CBV and CBF delays during the large and prolonged BOLD-PSU in
(d). Reprinted from Lu et al, 2004a, J. Cereb. Blood Flow Metab. 24, 764, with permission
from Macmillan Publishers Ltd. (e) Laser Doppler flow and oxygen tension changes
following 60 s of forepaw stimulation in halothane-anesthetized rats. Notice the lack of a
flow undershoot and the prolonged undershoot in oxygen tenson of the same shape as the
one found following visual stimulation in humans (d), which is show expanded in (f). Data
in (e) were reprinted from Ances et al., 2008b, Neurosci Lett. 306, 106, with permission
from Elsevier.
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Figure 2.
a) Average arteriolar, capillary and venous hemodynamic responses (CBV based on total Hb
count) to somatosensory (forepaw) stimulation for 5 rats as obtained from depth-resolved
optical imaging and in-vivo two-photon microscopy. Stimulation period in gray. Reprinted
from Hillman et al., 2007, Neuroimage 35, 89. b) Average hemodynamic responses (n = 11)
for CBF, CBV, CBVa, CBVpa, and GRE-BOLD obtained for visual activation (neuronal
stimulation, 15s) in humans. Stimulation periods indicated by vertical dashed lines. c)
normalized CBVa and CBVpa responses from (b). d) Average hemodynamic responses (n =
11) during and after brief breath hold (vascular stimulation, 5s exhale + 15s hold). Curves in
(b,d) are from significantly activated voxels that overlap for all methods and for both visual
and breath hold paradigms and thus of similar tissue/vessel composition. Error bars indicate
inter-subject standard deviation. Notice the slow vascular (CBV and CBF) post-stimulus
return to baseline for breath hold compared to visual activation as well as the lack of a post-
stimulus undershoot following vascular stimulation despite the delayed vascular compliance.
Also note the lack of a CBF PSU. Figures b-d were generated from the data used for Figures
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1 and 2 of Hua et al., 2011, J. Cereb. Blood Flow Metab. 31, 1599; reprinted with
permission.
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Figure 3.
Average time courses for CBVv, CBF and GRE-BOLD obtained during and after 96 s of
neuronal activation using (a) low-intensity sensorimotor stimulation (n=11): bilateral
tapping at 1.73 Hz; (b) low-intensity visual stimulation (n=13): yellow/blue checker (8 Hz)
at 25% contrast; (c) high-intensity (3.46 Hz) sensorimotor stimulation (n=12); (d) high-
intensity (8Hz, 100%) visual stimulation (n=14). The dashed lines indicate the standard
error, and the stimulation-on period is indicated by the shaded region. Curves are from
significantly activated voxels that overlap for all methods, but only the curve with the
highest t-value was chosen. In order to enable better visualization of the general transient
dynamics, these time courses were smoothed using a low-pass Hanning filter with a 13 s
FWHM. Notice the lack of CBF undershoots for sensorimotor and low-intensity visual
stimulation as well as fast early CBVv post-stimulus decays followed by very small post-
stimulus CBVv variation close to baseline within one standard deviation. Reprinted from
Chen and Pike, 2009, Neuroimage. 46, 559, with permission from Elsevier.
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