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ry ofThe composite nature of the BOLD signal must be con-

‘'on dfidered when developing research designs for fMRI studies
yrain(Donaldson & Buckner2007). One approach is to take ad-

neu-vantage of the summed signal as a method of reducing noise

nateid the experiment. Assuming independence of the noise com-

e’ er. ponents, a composite MR signal summed over trials will
tend to cancel the effects of randomly occurring sources of
N noise, as in many instances of averaging. Presenting the same
class of stimuli in blocks capitalizes on this averaging strat-
gionady. Ideally designs involving a block of the same stimuli
v o " e- would yield an MR signal that would rise to a steady plateau
o - Juenaad decline once the block ends. Designing efbcient block
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Fig. 3 Events leading from the presentation of two stimuli to the volume (CBV). The net effect of CMRO CBF, and CBV changes
generation of a summed BOLD signal. The bgure assumes that stimieads to the BOLD response for individual stimuli (A and B). The ob-
lus 1 is presented one second before stimulus 2. Each stimulus eliciserved BOLD response (C) is a composite of the unobserved BOLD
a neuronal response that alters the cerebral metabolic rate of oxygeesponses to the single stimuli

utilization (CMRGQ,), cerebral blood Bow (CBF), and cerebral blood

designs involves deciding on the number and timing of stimearly phase of the hemodynamic responses (Boynton et al.,
uli to present within a block, the duration of the block, the 1996 Friston et al.1998. Such concerns has led to a second
number of times a specibc block type should be repeated, amigcomposition approach where the mathematical technique
the number of different classes of stimuli to include duringof deconvolution is used to infer the underlying hemody-
a single run. namic response from the observed MR signal produced by
A second approach to managing the composite nature @ particular string of stimulus or response events (Dale &
the observed MR signal is to decompose the complex sign&uckner,1997. Each event is assumed to elicit an impulse
into its components. This approach is well suited to singleesponse that is distributed over time (D&l899. Decon-
trial or event-related designs. One method of decompositiowolution is used to estimate the unknown impulse response
is to assume a canonical shape to the hemodynamic resporfsaction triggered by a series of these events (Dh#89.
to each stimulus and to model the MR signal as the weightedlthough the standard deconvolution approach makes a lin-
sum of the canonical response to consecutive stimukarity assumption, it does not assume a canonical shape to
(Bandettini & Cox,2000. The canonical shape method as-the data (Karu1999. Thus, the deconvolution method can
sumes that a consensus about the shape of the hemodynaré used to compare groups on differences in the shape of
response can be reached, and that the impact of consedhe BOLD response as well as to compare signal magni-
tive stimuli can be statistically modeled as a linear sum. Theude. As with block designs, a sophisticated literature exists
Prst assumption might not be valid even among healthy volen the efbcient design of event related or single trial de-
unteers and is probably not safe when comparing patientigns (Burock et al1998 Dale,1999 Donalson & Buckner,
and healthy volunteers (Aguirre et al9998. The linearity 2003 Liu et al.,2003; Liu & Frank, 2004 Liu, 2004. Com-
assumption might not be strictly valid, especially for themonly used image analysis packages often provide tools
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to study the efpciency of an event related design prior tde experimentally varied without infduencing other cognitive
collecting data. processes. If a stimulus can be manipulated without intro-
Block designs typically have more power than event re-ducing a new cognitive process into the task, the assumption
lated designs when detecting the magnitude of the BOL®f pure insertion can be avoided. When properly used, para-
response (Liu et al2001). Event-related designs are more metric designs not only avoid the pure insertion assumption,
efbcient at estimating the shape of the hemodynamic rahey are useful in comparing the brain response of patients
sponse (Liu et al.2001). Although less powerful in de- and healthy volunteers across similar and dissimilar levels
tecting response magnitude, event-related designs can béperformance and provide useful proble information about
used to randomize the presentation of stimuli from differ-brain response to variations of cognitive load.
ent stimulus classes (Burock et al998. Event-related
designs also allow investigators to examine the BOLD reStatistical analysis
sponse based on response types, such as comparing correct
with incorrect responses or fast versus slow responses. ThAde analysis of fMRI signals from blocked designs begins
number of modes in the deconvolved hemodynamic curvavith the behavioral notion of stimulus control. Each change
can provide information about the timing of latent cognitivein stimulus type should change the MR signal response.
processes underlying the observed response (Zarahn et &igure4 shows this principle for a run where viewing of 30
1997. As with all experimental design, the choice betweensecond blocks of a complex visual stimulus was alternated
blocked or event-related fMRI designs starts with the studyvith viewing of 30 second blocks of a simple orientation
hypotheses. cross. The bgure presents time-series data from a volume
Itis tempting to wish to infer from fMRI data a functional element (voxel) in the ventral occipitotemporal area. Each
brain substrate that is necessary and sufbcient to support thime the stimuli are switched from the orientation cross
computation of a specibc cognitive process. There are at least the complex bgure, the MR signal increases. Magnetic
two constraints on this wish. First, fMRI studies of intact resonance signals in most other brain regions did not show
brain cannot validate the necessary involvement of a braithis tight stimulus control. The coupling of variations in MR
region in the performance of a particular cognitive processsignal response to variations of stimulus presentation can be
Animal studies of classical conditioning have shown someuantibped by a regression model where dummy coding of
neurons become activated by the conditioned stimulus evethe stimulus condition is used as an independent variable to
though damage to these neurons does not alter conditioning
(Berger,1984). Thus, the activation of a neuronal pool by a
task does not imply that the activated neurons are necessar
for successful performance of the task. Second, it is difpcult
to isolate a specibc stage of cognitive processing when using
the simple subtraction paradigms commonly used in fMRI
studies. Consider a two-condition design where neutral faces
are compared with emotional faces. It is tempting to subtract
the mean fMRI signal associated with neutral faces from
the mean fMRI signal related to the emotional faces in or-
der to isolate the brain processes related to emotion. Thig Timing of Experimental Blocks
logic involves a dual subtraction; one involving cognitive
processes, and the other involving MR signals. The logic of
cognitive subtraction and its pitfalls were carefully analyzed
by Sternberg (1966) decades ago and have been amplibe
by psychologists since (Townsend & Ashiig83. A fun-
damental problem is with the assumption of pure insertion,
which asserts that a cognitive process can be inserted into
series of cognitive stages without altering the function of any
process involved (Friston et al996 Sternberg1969. The
assumption is part of the argument that the effects of various
cognitive processes do not interact but, rather, are additiv&ig. 4 Stimulus control of the magnetic resonance signal. The top
Simple subtractive designs cannot test for such interactiondfe shows the timing of alternating blocks of stimuli. The tops of
factorial designs are required. Parametric designs also pr%“—e trapezoids show when complex visual bgures were presented. The
. ) . . . ottoms of the trapezoid show when the orientation cross was presented.
vide an alternative to simple subtractive designs. Parametrighe sides are sloped to model the rise and relaxation times of the
designs assume that levels of activation of a subprocess casmodynamic response. The bottom line showJtheveighted signal

TE - weighted Signal
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predict the MR signal response. The correlation coefpcierihterleaved fashion, with a variety of difference methods
from this analysis can be used to measure the consistency afailable to calculate changes in blood Row (see below). In a
the stimulus control, whereas the regression weight can bigpical ASL experiment, about one second is allowed for the
used to measure the magnitude of the BOLD response. Thielivery of blood, corresponding to one ml of blood delivered
correlation coefpcient is usually improved if a shift term isto 100 ml of tissue. As a result, the overall MR signal due to
included in the analysis (CohetQ97). The regression anal- the delivered blood is only about 1% of the total signal due
ysis is typically performed for each voxel with the resultingto the tissue. This small percentage contributes to the low
regression weights presented as a brain map. These weiglrsrinsic signal-to-noise ratio (SNR) of ASL methods.

are the primary dependent variables in group-analyses and

can be analyzed with standard parametric or non-parametrirterial spin labeling methods

statistics.

For event related designs involving a canonical hemodyThree classes of ASL methods are currently available. Vari-
namic model, a regression weight is estimated to convegtion in these methods depend on how the magnetic labeling
the contribution of the canonical hemodynamic responserocess tags the location and velocity of Rowing blood.
to signal variability within a voxel across all time points  Pulsed Arterial Spin LabelingNtagging based on loca-
(Bandettini & Cox,2000. This weight can be used as a tion. Pulsed arterial spin labelingPASL) uses short (5920
dependent variable in group-analyses. When the shape ofillisecond) radiofrequency pulses to saturate or invert a slab
the hemodynamic response is estimated, some feature of tbéstatic and 3owing spins in thtagging region, proximal
shape, such as its area or the value at its highest peak ctmthe imaging slice (Edelman et al.1994. Pulsed arte-
be used as a dependent variable in group-analyses. Regreisd spin labeling has a high inversion efpciency and uses
sion models for both blocked and event related designs mdittle radiofrequency power. There exists a variety of PASL
include nuisance covariates, such as measures reRecting satethods, such as EPISTAR (Edelman et 8094, FAIR
ject movement, when estimating the magnitude of the BOLOKim & Tsekos, 1997 Kwong et al.,1995, and PICORE
response. (Wong et al. 1997). Although the implementation details of

the tag and control conditions differ across these methods,

they all tend to give very similar perfusion results (Wong
Perfusion functional MR imaging etal.,1997.

Continuous Arterial Spin LabelingNtagging based on

Arterial spin labeling is the primary MRI method used to location and velocity Continuousarterial spin labeling
measure cerebral perfusion. Arterial spin labeling magnetitCASL) uses long (1D3 second) radiofrequency pulses in
cally labels the water molecules of Rowing blood to produceconjunction with a constant gradient beld to irradiate a nar-
an endogenous blood Row tracer (Liu & Brown, 2007). Therow plane of spins with radiofrequency energy (Alsa@09.
magnetic label is typically introduced by saturating (i.e.,The irradiated plane is chosen so that arterial blood RBows
nulling) or inverting the longitudinalzaxis) component of through the irradiated plane in a direction that is roughly
the MR signal (Fig.1a). Whereas BOLD contrast depends perpendicular to the plane. By properly adjusting the ampli-
on T, mechanisms, ASL perfusion depends qreffects. tude of the RF and gradient belds, inBowing spins within

The tagged water passes from the capillaries into braia physiological range of velocities will be labeled based
tissue, where it alters the local tissueOs longitudinal magnea a phenomenon termed Row-driven adiabatic inversion
tization (Aguirre et al.2005. The greater the Bow into the (Detre et al.,1992. Because the CASL tag can be applied
imaging slice, the greater the signal changes in the taggezloser than PASL to the imaging region (on average), the
condition compared with an untagged control condition.continuous ASL can result in a higher overall tagging efp-
Most ASL methods measure CBF by taking the differenceciency than PASL. Continuowsterial spin labelingrequires
betweertag imagesin which the longitudinal magnetization a large amount of average radiofrequency power that can
of arterial blood is inverted or saturated, azahtrol images  approach system performance limits and FDA guidelines
in which the magnetization of arterial blood is fully relaxed. (Alsop, 2005. System performance limitations have been
The raw tagged image contains a large contribution of statiaddressed for the most part by a recently introduced form of
magnetization that can obscure the signal change related @ASL, dubbed pseudo-CASL, which uses repeated radiofre-
perfusion. If carefully acquired, theontrol imagecontains  quency pulses instead of a continuous radiofrequency signal
the same static magnetization as the tagged image but not tf@arcia et al.,2005. Wong and colleagues provide a de-
blood RBow effects produced by the magnetic tracer. Thus, thiailed comparison of pulsed and continuous ASL techniques
difference between the control and tag images yields an imWong et al. 1998h).
age! M = Mconrol# Miag that is proportional to CBF. Tag Velocity Selective Arterial Spin LabellingNtagging based
and control images are typically acquired in a temporallyon velocity. The velocity selective arterial spin labelling

a Springer


sdsharma



Neuropsychol Rev

\ - 7 TTTO9 -~ - - T T T T I - - -—"“'a‘;pin:‘*"*'** Tt T - = - == D - - T T T T Q"””':ir]oar]n
e ceodeNCy L ttjﬁc;d
. . . o 2MK .3
) _ Lo o _Jt-of.. _ . L, o _ )Ioofd
- . o o
o - - Pro-. v v e - A
, ., Jdenc. L. _dies
’ ant
v . 0 m, . , o ! =
I . , ina. o , anip-
. . Jged . . tal,
st. ,.
, . sell-
g . ) ects
' | \ ASL
. _ sare .. in ac-
, erie« . . ) .sion
atrol. ) , a_nd
on, tl , . ) . dam-
neel . o yf |
' ) ndin_ ) - efu
of tw ) ) - study
) nmo ) . ;bare
) ) ) ) ‘ et-
h I ) ) o
»suk ‘he
. by . _ ) read-
) ) ode! 2 less
) ) ‘acti v sech
‘ ) ~ . .
- - ng, - - ) .)(;Il_)ll-
form: _ 3 3 in
de- . - i o
o . ) lance o _ ) Sig-
o i stior _ i hav-
) ) tion' ) . . ) :
) B actic L aller
_ Jels _ o .
ital., ) ] 5
um- ) small
. ) ) ~ tion
ourc. ) ~ hat
] peld ) ] Jres
B lio ¢ ) 'tby
) RI, ] ) _ tal.,
rede )
‘ er-
mea- . )
' nsi¢ ) o ) vith
storr’ has
- st a
- ) ated
ures ‘ . 7 ‘'om
' ' - - er-
rair ' ' 7 ' o r’ebral
JLD S al
sigr

39 Springer


sdsharma



Neuropsychol Rev

Quantitative functional magnetic resonance imaging The second potential source of variability in the magni-
tude of the BOLD effect is that the coupling of CBF and
A probe of brain physiology CMRO, changes could vary across the brain or in disease.

If we debnen as the ratio of the fractional changes in CBF

Functional MRI methods based on the BOLD effect are inand CMRQ with activation, then the physiological basis of
widespread use as a mapping tool for measuring patterns tfie BOLD effect is thah> 1. However, the exact value of
brain activation in response to a variety of tasks. If a particun plays a signibcant role in determining the magnitude of
lar brain region shows a sufpciently strong correlation of thehe BOLD signal observed for a given underlying metabolic
BOLD signal with some aspect of the task, it is interpretedchange. In effect, increased CBF acts to wash out deoxy-
as evidence that there is a local change in neural activithemoglobin, while increased CMRQ@cts to increase local
associated with that task. However, a quantitative interpretadeoxyhemoglobin, so the net change in deoxyhemoglobin
tion of the magnitude of the BOLD response as a reRectiodepends on the interplay of these two physiological changes.
of the magnitude of the underlying change in neural activityFor this reason, the larger the coupling ratiothe larger
or metabolism is more problematic. The difbculty arises bewill be the resulting BOLD response for the same change in
cause functional MRI methods are sensitive to the balancenergy metabolism (CMR&). Or, put another way, for two
of the changes in cerebral blood Row (CBF), cerebral bloodegions with the same change in CBF, the region with the
volume (CBV) and the cerebral metabolic rate of oxygenlarger change in CMR@will have aweaker BOLD response.
metabolism (CMR@) that accompany neural activity, rather This sensitivity ton is particularly acute when < 3, as a
than the neural activity itself. That is, each of each of thesemumber of studies have found, because theoretical calcula-
physiological quantities affects the local deoxyhemoglobirtions suggest that relatively small differences fromrx 1.5
content of the blood and so affects the BOLD responseo n = 2, or fromn = 2 ton = 3, each with the same
but the coupling of these physiological changes in responsgnderlying CMRQ change, will exhibit BOLD responses
to neural activation is still poorly understood. The primarythat differ in magnitude by about 100%.
physiological phenomenon that leads to the BOLD effectis Cerebral blood Row-based fMRI methods described ear-
that CBF increases much more than CMR@th activation, lier offer a direct measure of the blood Row response result-
but it is unknown whether the degree of mismatch variesng from neural activity, and so can provide information on
with brain region, stimulus type, development, or diseasea more well-debned physiological quantity. At this point it
In short, the BOLD response is very useful for answerings not clear whether the CBF or the CMR€hange is a bet-
the question: where is there activation? But it is much moreer quantitative reRection of the underlying neural activity.
difbcult to use the BOLD response to answer the questiorindeed, it is possible that these two responses ref3ect differ-
what is the magnitude of the activation? ent aspects of neural activity. Current thinking, although still

There are two physiological reasons why the magnitudspeculative, is that the CBF response is triggered by excita-
of the BOLD effect could be dissociated from the magnitudetory synaptic activity in a feed-forward manner, rather than
of the underlying physiological changes, both related to thas a feed-back response due to increased energy demands
dependence of the BOLD effect on local deoxyhemoglobin(Attwell & ladecola,2002. In contrast, the CMR&change
The brst is that there is a ceiling on the BOLD effect magikely reRects the full energetic costs of the neural activity, in-
nitude set by the amount of deoxyhemoglobin present in theluding both synaptic and spiking activity (Attwell & Laugh-
baseline state, and this baseline condition could vary acrosis, 200J). For these reasons, measures of CBF and CMRO
the brain due to differences in CBV or baseline oxygen ex€hanges with activation are likely to provide a more accurate
traction fraction (Brown et al2003 Miller et al.,2001). In  reRection of neural function than BOLD alone, and the ca-
addition, medications or physiological factors could increasgability of measuring both physiological responses may be
baseline CBF without increasing baseline CMR®ith the  able to provide much more specibc quantitative measures of
result that the baseline oxygen extraction fraction, and thehanges in activity.
baseline deoxyhemoglobin, would be reduced (Brown et al., Davis and colleagues (Davis et al998 proposed the
2003. In anticipation of the model described below, we cancalibrated-fMRI methodology as a means to investigate the
describe this effect of baseline deoxyhemoglobin by a panature of neurovascular coupling and the BOLD effect, based
rameterM that acts as a multiplicative scaling factor on theon a critical observation. They used an ASL technique to
BOLD effect. That is, if we compare two regions of the brainmeasure both CBF and BOLD responses, and then examined
with different baseline blood volume fractions, the area withtwo different types of physiological stimulus. The brst was
the higher blood volume would have a higher local value ofa standard neural activation in response to a particular task,
M, and for the same underlying change in CBF and CMRO as is commonly done in BOLD-fMRI studies, but the sec-
would exhibit a larger BOLD response. ond was the response to increased arterigl. E{ypercapnia
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induced by breathing a gas with 5% gXlapproximately — Data acquisition and processing
equal to the C@content of expired airNhas a potent effect
of increasing CBF but appears to produce little change ifrigure 5 shows an example of data acquired during a
CMROs,. They found that for the same change in CBF, thecalibrated-fMRI experiment. The average CBF and BOLD
BOLD response was signibcantly weaker in the neural acesponses to hypercapnia and a block design visual stimulus
tivation experiment, consistent with increased CMR@Gth are shown. The data were acquired on a 3 Tesla GE whole
activation. body system using a dual echo PICORE QUIPSS Il ASL se-
Based on this observation, they proposed a method fajuence with spiral readout (TE 2.9, 24 ms) (Wong et al.,
calibrating the BOLD effect in a quantitative way. This ap-1997). Simultaneous acquisition has the advantage that any
proach untangles the three major contributors to the BOLBystematic effects over the course of an experiment, such as
signal (CBF, CBV, and CMRg) by measuring the CBF and subject fatigue, affect both the CBF and BOLD measure-
BOLD responses to two challenges; a standardized neuradents in the same way. The data in Bare averaged over
activation experiment, and breathing a gas mixture with alttBF-active voxels, and are the mean responses over bve
elevated concentration of GOThe hypercapnia experiment subjects. Signal to noise ratio constraints mean that CBF and
is used to isolate and quantify the contribution of knownBOLD responses are typically estimated using data averaged
CBF changes to the BOLD signal when there is no changever an appropriate region of interest (ROI). Regions of in-
in CMRO,. That is, the hypercapnia experiment provides aerest are typically debned anatomically or functionally (see
measurement of the local valueldf the scaling factor forthe following section for a discussion of potential biases in the
BOLD effect. The local CBF and BOLD responses to neuraktalculated parameters due to ROI selection).
activation are then used in combination with the hypercapnia- The model and methods described by Davis et al (Davis
calibrated relationship between BOLD and CBF responsest al.,1998 provide a framework for estimating the CMRO
and a known relationship between CBF and CBV changeshanges associated with the measured CBF and BOLD re-
to estimate the CMR®change with neural activation. The sponses. In this model, the fractional BOLD signal change
coupling ration, debned as the ratio of the fractional changg! S/S) is related to the underlying changes in CBF and
in CBF to the fractional change in CMRQis then easily CMRO, by the following equation:
estimated. ! i 4o %%
The calibrated-BOLD approach provides a potentially! S CBF '#* CMRO, *
powerful tool for quantitative assessment of the physiolog- g = 1# CBRy CMROy @)
ical changes following neural activation. In addition to re-
solving the ambiguities of the BOLD signal noted above,yhere the parametevl is a proportionality constant that
this approach could provide the basis for advancing fMRkeRrects baseline deoxy-hemoglobin content and debnes the
from a mapping tool to a quantitative physiological probemaximum possible BOLD signal change that would result
for the early assessment of dysfunction in disease. Sefrom a CBF increase sufPciently large to cause 100% venous
eral groups have adopted this approach and reported valyygen saturation. In the context of the model this parameter
ues of the CBF/CMR@ coupling indexn in the range of s proportional to the baseline blood volume fraction, O
2b4 in several regions of healthy brain; (Davis et¥198  extraction fraction, the magnetic beld strength and the echo
Fujita et al. 2006 Hoge et al.1999h Kastrup et al.2002  time of the experiment. The parameteis the exponent in

Kim et al., 1999 Leqntiev & Buxton, 2007, _St Lawrence  an assumed power law relationship between cerebral blood
et al.,2003 Stefanovic et al.2005 Stefanovic et al. 2004 rqw and cerebral blood volume, and is taken t6 be 0.38

Uludag & Buxton,2004. Other studies have used the frame'(Grubb et al.1974 Mandeville et al.1998. The parameter

work of the calibrated BOLD approach to argue that CBFy yas introduced as an empirical description of the signal
and CMRQ are coupled in a similar way in deactivations ¢panges found in Monte Carlo simulation studies of spins
and activations (Shmuel et 2002 Stefanovic etal2005 jffusing near magnetized cylinders, a model for the vascular

Stefanovic et al.2004 Uludag et al.2004. A recent paper system (Boxerman et atLl9950), and usually is taken to be
(Leontiev & Buxton,2007) has demonstrated that measure-g - 1 5 at a peld strength of 1.5 Tesla (Boxerman et al.

ment ofn is highly reproducible within a single subject, but 19953 Davis et al.,1998. The parameteré and# are

more variable across the healthy population, with the populasssymed to be global properties with the same values in each
tion variance measured at about Pve times the within-subjeghbject.

reproducibility. This suggests that there is a substantial phys- Figure 6 demonstrates the application of the Davis
iological variability that is not understood, but can be probedygde| to measured data. Fird| is estimated from the

with these tools. hypercapnia data using Eq. (1) with the assumption that
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Fig.5 Example calibrated-BOLD data (mean data from bve subjects)and CBF (right) responses to visual stimulation with a paradigm con-
Top row shows the BOLD (left) and CBF (right) responses to a hypersisting of a Rashing checkerboard presented in four 20 second blocks
capnic challenge (breathing 5% Ghorizontal bar shows the three (horizontal bars depict the OonO periods). BGLDBlood oxygen level
minute hypercapnic period). Bottom row shows the mean BOLD (left)dependent; CBF= cerebral blood 3ow

CMRO, = CMROy. Figure6(a) shows contours of different the same data, but also shows the effect of a changé in

M values for measured CBF and BOLD responses to hypenn then contours. The contours get squeezed together in

capnia. There have been a wide rangdofalues reported CBF-BOLD space abl reduces.

in the literature, an®l may vary over different brain regions

and therefore should be measured for each experiment. lrimitations and sources of bias in calibrated-blood oxygen

addition to the estimate dfl, the hypercapnia data provide level dependant experiments

direct measures of the local vascular responsivenessNthe

percent change in CBF divided by the change in end-tidaFor estimating physiological quantities such as CMRO

CO, (torr)Na measurement that can be used to test for ahanges and, it is critical to apply a consistent methodol-

compromised vascular response in disease. ogy that minimizes bias in the measurements. Some factors
The BOLD and CBF responses to the neural activatiomequiring consideration in any calibrated-BOLD study are

experiment are then used to calculate the fractional changiescribed below.

in CMRG; in response to functional stimulation by appli-

cation of Eq. (1) with the value ol estimated from the Calibrated-BOLD assumptions

hypercapnia experiment. The fractional change in CMRO

combined with the measured fractional change in CBF, giveBoes mild hypercapnia alter CMRQ

an estimate oh. Figure6(b) shows contours of differemt

values for measured CBF and BOLD responses to neurdl key assumption of the calibrated BOLD approach is that

activation, assuming a value fdf of 8%. Note that a mea- inhalation of air with added CQincreases CBF but does

surement ofh = 1 (equal fractional changes in CBF and not change CMR@ A number of early studies support this

CMRO; to stimulation) requires the measurement of a posassumption (Horvath et all,994 Kety & Schmidt, 1948

itive CBF response and a negative BOLD response (or vicBlovack et al. 1953 Yang & Krasny,1995, but it remains

versa), due to the form of the Davis model. Figbfe) shows a controversial issue. Recent work in rodents found that 5%
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Fig. 6 The Davis model. (a) Measured CBF and BOLD responses taation (M = 8% in this example). Contours ofvalues from 1D4 are
hypercapnia are used to determine the local BOLD scaling parametshown. (c) Contours af values forM = 6% are included in addition
M, assuming no CMR@change. Contours d¥fl values of 4D12% are to theM = 8% data to show the compression of the contourMas
shown. (b) Measured CBF and BOLD responses to neural activation adecreases. BOLE:= blood oxygen level dependent; CB¥ cerebral
used in combination witiM to determine the CBF/CMRQOcoupling  blood Bow

hypercapnia produced negligible changes in CMRO the signal when the intrinsic intra- and extra-vascular signals
whereas 10% produced signibcant changes (Jones et arg different, creating signal changes due to the exchange of
2005 Sicard & Duong,2005. However, a recent study compartmental volumes. (Buxton et &Q04 Buxton et al.,
(Zappe et al.2009 reported decreases in electrophysiologi-1998 Obata et al.2004). However, when curves of BOLD

cal measures in anesthetized macaques with 3 and 636 COesponse versus CBF response are calculated with the more
If these correlate with CMR® this would imply decreased complete modelthatincludes these other effects (Obataetal.,
CMRO, with hypercapnia, which in turn would suggest that2004), Eq. (1) still provides a close approximation (Buxton
calibrated BOLD techniques overestimate CMR&d un- et al.,2004). That is, despite the apparently oversimpliped
derestimate. However, it is not clear in these animal exper- assumptions that led to Eq. (1), it nevertheless captures the
iments how anesthesia interacts with the,C&hd we need basic behavior expected for a BOLD response that includes
to be cautious when interpreting electrophysiology in term$oth an extravascular and an intravascular contribution to the
of energy metabolism. The question is complicated becaud®OLD effect. The key to this is that > 1, the practical

we would expect that at higher concentrations,@@s an effect of which is that the BOLD signal change is not a pure
anesthetic effect, and would be expected to reduce CMROlinear function of local deoxyhemoglobin content (it would
More work is needed in this area, but for the moment therdeif# = 1) (Buxton etal.2004). In short, the Davis model is

is good evidence to suggest that mild hypercapnia does ntikely to be more robust than one would have imagined given
signibcantly violate the assumptions of the calibrated-BOLDhe simple assumptions it was originally based on. However,

approach. this more complex interpretation of the net BOLD effect
also suggests that the parame¥ecannot be estimated from
Davis model foundations prst principles (i.e., from the original derivation of Eq. (1)),

because it also must partly ref3ect the role of intravascular
Equation (1) represents the central model used in the casignal changes. For this reasi@hmust be measured in each
ibrated BOLD approach. At brst glance, it may appear texperiment.
be too simplistic, because the original simulations that led to
this equation did not include the contribution of intravasculaData processing considerations
signal changes to the BOLD signal. At lower magnetic beld
strengths (including 3 Tesla) the intravascular and extravasselecting an ROI
cular contributions to the net signal changes are expected to
be comparable (Boxerman et dl9953. While the extravas- In principle, the measurement of CBF and BOLD responses
cular signal changes primarily depend on changesitotaé  to hypercapnia and neural stimulation could be performed
deoxy-hemoglobin, the intravascular signal changes deperah a voxel by voxel basis, but SNR constraints mean that
on changes in the deoxy-hemogloliaoncentrationwithin  the responses are typically estimated using data averaged
blood. In addition, intravascular volume changes also affeabver an ROI. A recent study (Leontiev et al., submitted) has
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investigated the impact of different methods for choosing afbavis model limitations: Overestimatesidfcreate

ROI, comparing CMR®@ andn values obtained in response artifactually low estimates af

to a visual stimulus using ROIs based on: 1) retinotopically-

debned area V1; 2) a functional CBF localizer; and 3) dn a recent paper, Chiarelli and colleagues (Chiarelli et al.,
functional BOLD localizer. Datain V1yielded a signibcantly 2007) show that over or under estimation bf can intro-
lower estimate ofi compared to either CBF or BOLD local- duce signibcant bias into the valuerofin particular, if the
izers. In addition, different statistical thresholds for dePningestimate ofM is artifactually high, then regardless of the
active voxels produced biases in the estimatas wiith the  actual BOLD activation measurement the estimate of
estimated value increasing for higher thresholds. This studgriven to low values. The source of this effect can be seen by
highlighted a potential source of bias in anatomically-debnede-arranging the Davis equation:

ROls. Since hypercapnia induces a global CBF response, ev- #Hye o Huur % " #&
ery venous structure in the anatomically debned ROI acts as CMRO, - CBF 1# 9% )
a draining vein. The measured BOLD response to hypercap- CMROz CBhy M

nia may therefore be artifactually large due to the inclusion

of draining veins within the ROI. This propagates into an " ", X o
overestimation oM and underestimation af. Therefore, ~Parson toM (i.e. the BOLD response to activation is much

although it seems like using an anatomical ROl is a gOO(JJess than the BOLD response to hypercapnia), the term in

idea because it is unbiased with regard to functional activity,?‘qu"’}re prackets in Eq. (2) apprgachgs 1, and the e.stimate
in fact it may bring in a signibcant bias in the calculationOf nis driven towarch $ 1.4 (Chiarelli et al.2007). This

of CBFICMRQ, coupling by inclusion of draining veins, can also be seen in Fig(c), where small BOLD responses

which has a strong effect on the average BOLD respons&ad ton $ 1.4, and adv increases, thil contours move
to COp. apart such that is driven towards 1.4 regardless of the mea-

It should also be noted that the form of the Davis modeSUred BOLD signal. See Chiarelli and colleagues paper for

itself also places restrictions on the measuredlue under & further discussion of this issue (Chiarelli et aD07).
certain ROI choices. As can be seen in Féf), an ROI
consisting of only those voxels that show a positive BOL

and CBF response, have to produce a measnrgrkater ) )
than about 1.4. A calibrated-BOLD approach offers a potentially powerful

paradigm for fMRI: rather than using fMRI simply as a

mapping tool, we can instead use it as a quantitative probe
Inclusion/exclusion of the BOLD post-stimulus undershoot of brain physiology analogous to a Ostress test.O That is, we

can stimulate a particular brain region with a stereotyped
A common phenomenon observed in BOLD-fMRI studies isstimulus and measure the local CBF and CMREsponses
a pronounced post-stimulus undershoot of the BOLD signato the activation as well as the CBF response to, J&r
This observation has been puzzling because there is oftefinical applications, the calibrated-BOLD approach offers
no corresponding undershoot of CBF, suggesting in thesge possibility of a more quantitative and comprehensive
cases a transient uncoupling of one or more of the othesyaluation of brain function than is possible with BOLD-
physiological factors that contribute to the BOLD responsefMRI alone. We still know relatively little about how the
This phenomenon may be the result of a biomechanical etoupling of CBF and CMR@varies in the healthy brain.
fect that leads to a slow return of blood volume to baselingy deeper understanding of the links between neural activity
(Buxton et al.,1998 Mandeville et al. 1999h, or may be  and energy metabolism, and the role played by blood Row,
due to a slower return of CMRQo baseline than CBF, re- will provide a framework for understanding the mechanisms
quiring increased @extraction and creating increased local of disease. The hypothesized links between neurodegener-
deoxyhemoglobin (Frahm et al996. There is currently no  ative diseases and mitochondria (Ly & Verstrek@npg
consensus in the literature, leaving the question of how thgloncada & Bolanos2006 suggest that energy metabolism
undershoot should be treated in the analysis of CBF/CM ROmay play an important role in a number of disease processes,
coupling. If it is due to slow CBV recovery, then during the put these connections are still unclear. General tools for as-
undershoot period the BOLD response is no longer reRectingessing human brain physiology in a quantitative way could
CBF/CMRG; coupling and so this period should be excludedbe useful for early detection of disease, quantifying response
from the analysis. However, if the undershadoesrel3ect a  to therapy, evaluating drug effects and investigation of the
slow recovery of CMR@, then it would be important to mechanisms of disease.
include the undershoot period in the calculations for a full ~ As an illustration of the potential application of the cal-
accounting of the CMR@change. ibrated BOLD approach in resolving intrinsic ambiguities

If the BOLD response to neural activation is small in com-

DPotential applications
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of the BOLD response, suppose that a study bnds a weake (a) Reduced CMRO; with disease
BOLD response to a particular task in a group of test sub- 3 : : :

jects compared to controls (.g., a weaker BOLD responseir || ® "Normalcontrol| n=3 -
hippocampus to a memory task in early AlzheimerOs diseas— ® ‘Disease state’ :

subjects compared to healthy controls): how should this be& 2]
interpreted? Figur@ illustrates some possibilities. A mea- 9
sured decrease in the BOLD response to neural activatiorg
might naively be interpreted as a decrease in neural activ-«
ity and therefore a coupled decrease in CBF and CHMRO
While this may indeed be the case (see F{@)), other sce- : ; :
narios are possible in which the BOLD decrease may not in 0 20 40 60 80 100
fact be associated with a decrease in CMR@&s shown in A CBF (%)

Fig. 7(b), a decrease in the CBF/CMR@oupling ration,
perhaps caused by a compromised CBF response, could als

1

(b) Reduced n with disease

cause a weaker BOLD response (this effect might also be . : :
evident in a reduced CBF response to L-urthermore, ps Ty S & n=
as shown in Fig7(c), a weaker BOLD response may re- Se' ol ... ... _g@"} =25

sult from a decrease iM, perhaps caused by an increase E’
in baseline CBF due to medications used by the test subjec=!
group. See Wierenga and Bondi (2007) in this volume for g
an example of the impact of uneqiwhen comparing the <1
BOLD response of individuals of different ages. A BOLD- i :
only experiment clearly cannot resolve these three scenarios g i i i i
Although a combined BOLD and CBF experiment provides 0 20 40 60 80 100
more data, a calibrated fMRI approach is required to fully A CBF (%)

distinguish among the interpretative possibilities.

Recent work suggests that the CBF/CMRupling ra- (c) Reduced M with disease
tio nmay be smaller in deeper brain structures than in cortex. ! ! ! :
This suggests the possibility that neural activity changes of | T M=8%
the same magnitude may be signibcantly easier to detect ir= ——"M6%
some brain structures than in others. Or to put it another way~ 2| T : =
a map of activation highlighting those voxels with a signif- 9 . e s ot 5;-— ® - n=3
icant correlation of the BOLD response with the task could 8 | i e M s
miss areas of brain with a similar level of activity but a lower « Ll :
coupling ration. This highlights an important aspect of the oo A e e ]
statistical analysis used to produce maps of activation: the : ; , ;
emphasis is to avoid false positives, rather than false nega g 20 40 60 80 100
tives. Combined measurement of BOLD and CBF responses A CBF (%)

particularly in the context of a calibrated-BOLD eXpe”ment’Fig. 7 Three physiological scenarios leading to a decrease in the

can help to unravel these ambiguities of the BOLD respons@oLp response to neural activation in a Odisease® population com-
The use of calibrated-BOLD methodology is still in its in- pared to a OnormalO population, each showing a 2% BOLD response
fancy, but the potential is high for this approach to providein the OnormalO condition and a 1.5% BOLD response in the Odis-

L . o .easeO condition. In this example, the normal conditiorvhas 8%
a more quantitative and specibc characterization of bra@ndn = 3. In (a), the BOLD response reduction is due to a re-

function in health and disease. duction in neural activity in the disease state, but with a normal
CBF/CMRG; coupling ration. In (b), the CBF response is compro-
Functional MRI: Issues relevant to clinical practice mised but the neural activity and CMRQ@hanges are maintained,

resulting in a reduction im. In (c), baseline CBF is elevated whilst

. . . . . baseline CMR@, neural activity andh remain constant. This causes a
Functional MRI is a non-invasive, highly repeatable teCh-yecrease iM, leading to the reduced BOLD response. Thus an iden-
nigue. Its spatial resolution and capacity to localize is gentical difference in the BOLD response between groups can arise in
erally better than what can be obtained in human lesiofhree very different ways. Although combined BOLD and CBF data
studies. Although its temporal resolution is one to two orcan begin tq resolv_e the amblg_umes, calibrated fMR_I with estlmatlon

. . of M andn is required to obtain a more complete interpretation of
ders of magnitude slower than most neural events, its tim@e data. BOLD= blood oxygen level dependent; CBF cerebral

scale is appropriate for some behavioral processes, such lasod Row
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verbal rehearsal (Runduk977). A considerable strength of treated patients or from drug development studies (See
fMRI methods is its availability. A 2004 survey reported ap-the Paulus and Stein article in this issue). Sophisticated
proximately 5,000 magnetic resonance imaging sites in thmodeling of the BOLD response is needed to disentan-
United States compared with 1500 sites supporting positrogle the various physiological contributions to the BOLD
emission tomography (Latest IMV PEAD04 Latest IMV  signal.
Study,2009. Currently shipped magnets from all major ven-  Details of the behavioral activation paradigm affect the
dors have fMRI capability. High beld magnetic resonancesfbciency of a BOLD study. These details include appropri-
imaging systems are being sited in Psychology and Cognate design of the experimental task and effective selection
tive Science Departments, making them more available tof items to study. Together task design and item selection
academic psychologists. determine the reliability and power of a behavioral paradigm
The magnitude of the BOLD response is small, usuallyused to activate brain processes. Likewise, details of the im-
between 0.25% and 5.0%. Although the small size of thege analysis pathway and the statistical modeling of MR
signal would not be an issue if the sources of noise weréime series signals can have considerable effect on the de-
much smaller, noise and bias are signibcant problems fgrendability of fMRI results. To produce dependable results
the fMRI experiment. The baseline signal drifts over thein individual cases, careful standardization, which has been a
several minutes of a run. Heating of the system amplibersallmark of psychological testing, will need to be developed
and other electronic components can produce moment-tder fMRI assessments.
moment changes in system performance. Subject motivation
and attention vary from trial to trial. Neural systems ha-Acknowledgements Preparation of this paper was supported by the
bituate to or learn from repeated stimulation. The BOLDV|SN 22 Mental lllness Research Education and Clinical Center, a
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nal, he brain-vein problem misiocates the BOLD signal,, &6 Y0 1,0 530350, Phedeoia Sancers Eeve
Areas of the brain where the proximity of different tissue  jnaging signalsTrends in Neuroscience®s, 6219625.
compartments produces a gradient of tissue susceptibilitiesstwell, D., & Laughlin, S. B. (2001). An energy budget for signaling
such as the orbitofrontal cortex or the temporal cortex adja-  in the grey matter of the braidournal of Cerebral Blood Flow

cent to the auditory canal, experience signal loss and mislcgan;;ﬁn'\{'e;ago"\jv”;ﬁ; 1|£13(:391H%r?k55' R. 5., Tikofeky, R. S., & Hyde
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