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In the past decade, magnetic resonance imaging (MRI) research  The history of nuclear magnetic resonance (NMR) is
has been focused on the acquisition of physiological and biochem-marked by an ever increasing number of innovations that
ical information noninvasively. Probably the most notable accom- have produced novel and surprising uses of this phenomenon

plishment in this general effort has been the introduction of the MR for i tiqating biological No other techni
approaches to map brain function. This capability, often referred or investigaling biological processes. No other technique

to as functional magnetic resonance imaging, or fMRY, is based on has proven to be so uniquely flexible and dynamic. Since
the sensitivity of MR signals to secondary metabolic and hemody- its introduction over 50 years ago [1]-[3], NMR rapidly
namic responses that accompany increased neuronal activity. De-eyolved to become an indispensable tool in chemical and

spite this indirect link to neurotransmission, recent studies demon- biochemical research because of its sensitivity to the chem-
strate that under appropriate conditions, these fMRI maps have ac- . | . t of | . In 1973 the ability
curacy at the scale of submillimeter neuronal organizations such as Ical environment of nuciear spins. in » (he ability 10

the orientation columns of the visual cortex, and are directly propor- Obtain images with magnetic resonance was introduced [4],
tional in magnitude to electrical signals generated by the neurons. leading to the development of magnetic resonance imaging

High magnetic fields have been critical in achieving such speci- (MRI), which is now solidly established as a research tool
ficity in functional maps because they provide advantages through and as a noninvasive diagnostic technique in the practice of

increased signal-to-noise ratio, diminishing blood-related contri- dici At th i . lin MRI h
butions to mapping signals, and enhanced sensitivity to microvascu- medicine. € present ime, a major goalin researc

lature. Equally importantis MR spectroscopy studies, which, at high 1S the acquisition of physiological and biochemical informa-
magnetic fields, provide for the first time the opportunity to measure tion noninvasively. The ability to map brain function, often

local metabolic correlates of human brain function and neurotrans- referred to as functional magnetic resonance imaging, or
mission rates. Together, these‘ MR methods provide a complemenTMR' is part of this general effort. This development has
tary set of approaches for probing important aspects of the nervous ' L9 . L
system. permitted the examination of functional specialization in the

. human brain with unprecedented spatial resolution, and has

Keywords—BOLD, cerebral blood flow, cerebral oxygenation, revolutionized cognitive neurosciences
cortex, fMRI, functional imaging, magnetic resonance imaging, ori- ) .
entation columns, oxygen consumption, Spectroscopy. The most frequently employed fMRI method is based on
blood oxygen level dependent (BOLD) contrast, that was

_ _ , _ first described by Ogawa [5]-[7] in rodent brain studies
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Fig. 1. Temporal evolution of the BOLD-based fMRI images in the cat visual cortex. Images are
acquired in a plane tangential to the brain and contain the cortical gray matter of the cat visual
are 18. The image on the upper left corner demonstrates the orientation of this plane relative to
the cat brain and the image obtained from this plane. The pixels that appear patchy and dark
relative to the image shown in A represent “activated” regions displaying negative (in B and C) or
positive (in D, E, and F) BOLD changes.

altered if the regional deoxyHb content is perturbed. This oc- continuous blood flow, however, these deoxyhemoglobin
curs in the brain because of spatially specific metabolic and changes must propagate downstream to blood vessels with
hemodynamic responses to enhanced neuronal activity; itever increasing diameter and ever increasing distance from
has been suggested that regional blood flow (CBF) increaseghe actual site of elevated neuronal activity. Ultimately, due
while oxygen consumption rate (CMf3) in the same area  to dilution from vessels draining blood from “unactivated”

is not elevated commensurably [11]-[13], resulting in de- regions, these deoxyhemoglobin changes would come below
creased extraction fraction and lower deoxyHb content per the sensitivity of detection. However, spatial specificity will
unit volume of brain tissue. Consequently, signal intensity be degraded, especially if the activation is confined to a
in BOLD-sensitive images increases in regions of the brain small region of the cortex (e.g~1 mm). This is illustrated

engaged by a “task” relative to a resting, basal state. in Fig. 1 using functional localization in the brain in the
In fMRI and other commonly employed functional map- submillimeter spatial scale [14], [15].
ping approaches, su¢hO water-based positron emission to- “Localization” is a principle that is widely used in the

mography (PET), functional imaging relies on secondary and brain: parcellation of the cortical tissue into functional sub-
tertiary responses to the neuronal activity rather than directly units is especially prominent at the level of individual cor-
on the neuronal activity itself. Therefore, a crucial question tical columns. Here, neurons with similar response proper-
regarding these techniques is how well these secondary andies, such as ocular dominance and orientation preference in
tertiary responses reflect the spatial extent and the magni-the visual cortex of mammals, are clustered into “columns,”
tude of the neuronal activity. In other words, 1) what is the spanning the entire cortical plate from the pia to the white
spatial specificity of the fMRI signals with respect to actual matter [16]-[18]. Since the pioneering work by Hubel and
sites of neuronal activity and 2) what is the quantitative link Wiesel [17], the structure, function, and plasticity of cortical
between neuronal electrical activity, neurotransmission, and columns have been studied using a variety of techniques pre-
metabolic and energetic correlates? Recent studies from ourdominantly based on single and multiunit electrode record-
laboratory address aspects of these questions and are briefljngs and optical imaging.
reviewed in this article. Fig. 1 depicts BOLD MR signals as a function of time in
Spatial Specificity of fMRI:Recent studies from our the cat visual cortex during excitation of a single orientation
group lead to the conclusion that: 1) spatial specificity of domain [14], [15]. In these studies, the control is a grating
the BOLD response evolves as a function of time after the that is motionless and the stimulation, which lasts 10 s, is
onset of increased neuronal activity and fMRI signals in the same grating moving back and forth. Initially, patchy
steady state or in the late phases of temporal developmentegions associated withlevateddeoxyhemoglobin content
ultimately lack spatial specificity in the millimeter scale yielding negativeBOLD signals are observed. This patchy
(e.g., scale of iso-orientation domains in the visual cortex) image is consistent with what is expected from iso-orien-
and 2) CBF increases are spatially confined to the activatedtation domains. These early negative signals, however, are
volume in the iso-orientation domain scale. The first point not constant in time and migrate toward the sagital sinus and
should, in principle, be anticipated because alterations congregate near and within the sinus. Ultimately, the posi-
in deoxyhemoglobin content, whether an increase due totive BOLD changes occur and extend over the whole imaged
elevated cerebral oxygen consumption rate or decrease duarea (visual area 18 of the cat cortex) without any evidence
to elevated CBF occur first in the capillary bed. In view of of iso-orientation domains. Clearly, specificity to iso-orien-
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Fig. 2. Orientation columns in the cat cortex imaged by early
negative bold fMRI. [Scale bar for panel (a): 1 mm. Scale bar

for panels (b) and (c): 20pm] Composite-angle map and
orientation “pinwheels” generated using “negative” BOLD-fMRI
signals during stimulation using moving gratings with different
orientations. Panel (a) displays the composite-angle map
obtained through pixel-by-pixel vector addition of the four single
iso-orientation maps. The resulting orientation preference at
each cortical location is gray-scale-coded according to the key
displayed to the left of panel (a). Tangent to the cortical surface,
the preferred orientations change smoothly, thereby forming a
“map” of orientation selectivity. This continuity is interrupted at the
“orientation pinwheels” where the cortical columns for different
orientations are arranged in a circular manner, thereby forming
two types of topological singularities according to their rotational
chiralities. The white and black circles in panel (a) depict such
“clockwise” and “counterclockwise” pinwheels, respectively.

Two such pinwheels are displayed enlarged in panels (b) and (c).
The circular arrows in panels (b) and (c) represent the respective
directions of change in orientation. A: anterior, P: posterior, M:
medial, L: lateral. From [14].

[19], [20], [22]. The ratio between clockwise and counter-
clockwise pinwheels was found to be roughly 1:1 in both
fMRI (1:0.89,72=4) and optical imaging data (1: 0.9 [22]).

Such orientation maps, however, were not obtained from
the maximal positive BOLD response that seem to spread
over the entire imaging plane or even the later phases of the
initial negative BOLD signal changes (Fig. 1). The results
of this study indicate that the temporal evolution of ffie
weighted MR signals from the cat visual cortex is biphasic
as noted in earlier high field MR studies of the human vi-
sual cortex [25]-[29] and optical imaging experiments on the
cat cortex [30], [31]. Furthermore, they demonstrate that the
initial decrease of BOLD signals accurately yield individual
iso-orientation columns, while the later phases of the neg-
ative response and the subsequent positive BOLD changes
were largely incapable of differentiating between active and
inactive columns [14], [15].

The early transient increase in deoxyhemoglobin content
corresponding to the early negative BOLD changes are
thought to arise from an increase in CMR@at precedes
the elevation in CBF. The CBF increase ultimately over-
comes the increased deoxyhemoglobin generated by the
elevated CMR@ and leads to a hyperoxygenated state.
CMRO; alteration must occur locally coincident with
the volume of elevated neuronal activity. Their detection
through deoxyhemoglobin changes, therefore, is expected
in the early time points, before deoxyhemaoglobin alteration
propagates downstream in the vasculature. Early blood
volume changes, and processes such as penetration of red
blood cells into capillaries that were previously devoid
of them can also explain the early negative BOLD effect.
However, early CMR® changes that correlate in time with
the early negative BOLD response do exist [32] and must be
at least part of the explanation of the fMRI data.

The lack of spatial specificity in the later parts of the
BOLD response, especially in the positive BOLD effect can

tation domains cannot be present throughout the entire timehave two possible explanations. First, as already mentioned,

course of the evolution of the BOLD signals.

the deoxyhemoglobin decrease or increase that occurs

When a “composite-angle” map obtained through the initially in the activated area propagates “downstream” in

vector summation of the four individual iso-orientation the vasculature due to blood flow and will consequently be
maps (corresponding to grating orientations of46°, 90°, detected in draining large veins distant from the region of
135%) from the initial parts of the early negative response interest. There is also a second possible explanation, which
are assembled together and coded in color or gray scale, thes that the CBF response to alterations in neuronal activity
well known orientation domains are seen (Fig. 2). In this is not controlled at the iso-orientation column level and,
composite map, the preferred orientations change smoothlytherefore, does not have spatial specificity in this spatial
forming a “map” of orientation selectivity, closely resem- scale. The initial decrease in the BOLD signal reflecting
bling those obtained with the optical imaging [19]-[23] and increased deoxyhemoglobin is reversed because of CBF
multielectrode recording [24] techniques. The continuity of increase coupled to elevated neuronal activity. The fractional
orientation preferences is interrupted only at the singular increase in CBF is larger than the fractional increase in
points where the domains for all orientations converge. oxygen consumption rate, resulting in a significant drop
Each orientation is represented only once around such ain deoxyhemoglobin content and a positive BOLD signal.
“pinwheel,” forming two types of topological singularities The spatial extent of this positive BOLD signal will reflect,
according to their rotational chiralities. Panels (b) and (c) therefore, the spatial extent of the CBF response.

of Fig. 2 display enlarged pictures of such “clockwise” and  The lack of spatial specificity in the CBF response in
“counterclockwise” pinwheels, respectively. In our study, a the orientation-column scale has previously been suggested
pinwheel density of 1.46= 0.17 pinwheels/mf(n = 4) based on optical imaging data [31]. However, optical
was found, while optical imaging studies yielded average methods do not measure CBF directly; rather, CBV is
pinwheel densities between 1.2 1.95 pinwheels/mm experimentally determined and usually taken to correspond
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Fig. 3. The FAIR technique subtracts two images where the only
difference is the spatial selectivity of the inversion pulse that always
precedes the image acquisition. In one image (A), the inversion
pulse is slice selective and ideally should have the same dimensions
as the imaging slice; because of pulse imperfections at the edges,
the inversion slice is typically a little larger. In the second image

(B), the inversion pulse is nonselective but, nevertheless, it has a
spatial extend due to the RF coil used which covers only the brain
and part of the neck.

to CBF. Recent magnetic resonance imaging techniques,
however, can generate images based on quantitative meaFig- 4. Multislice study of finger opposition task examined
sures of CBF changes coupled to neuronal activity [8], t AR echmiaue, measuring bood fon changes (25, Tne
[33]-[37]. These CBF techniques rely on tagging the blood flow. Superimposed map identifies regions of the brain where
spins differentially within and outside of a well-defined blood flow changed during the tasking period. Note the excellent
volume. For example, in the FAIR technique [33], [35], {Guriea e righer intonsty regions in the gray scale ma.
[36], frequency-selective inversion pulses are used to invert Gray matter has higher blood volume and blood flow than white
the longitudinal magnetization within a “slab” along one matter. Consequently, the FAIR images have higher intensity in the
direction (typically axial) (Fig. 3); in the absence of blood 9r& Mmater areas.
flow, the spins relax back to thermal equilibrium only by
spin-lattice relaxation mechanisms characterized with the perfusion changes is enhanced. In an experiment like FAIR,
time constant/;. If flow is present, however, the relaxation this selective microvascular sensitivity is accomplished by
becomes effectively faster as unperturbed spins outside thechanging the delay time after the initial inversion pulse and
inverted slab flow in and replenish the net magnetization the subsequent signal excitation before image acquisition. In
within the slab. Consequently, the effective spin-lattice CBF-based functional imaging, longer delaysXs) empha-
relaxation in FAIR as well as other similar flow-sensitive size microvascular flow and perfusion whereas shorter de-
techniques [33], [38]-[42] becomes characterized by a lays yield predominantly large vessel images [33], [43]. The
shorter time constant[i-, which is related to blood flow.  former, of course, is highly desirable for generating func-
It also follows naturally that if the inversion pulse in FAIR tional maps. The accuracy of CBF-based functional maps
does not define a slab but inverts everything in the whole was recently demonstrated using rat forepaw stimulation and
body (i.e., it is nonselective), blood flow does not enter Mn*+ contrast. M+ is an analog of the Ca" ion that is
into to the problem at all. Thus, in the FAIR technique, involved in neurotransmission. Mrt can enter into neurons
two images are acquired consecutively, each after a fixed during Ca T uptake. In animal models, transiently breaking
delay period subsequent to the inversion pulse; in one,the blood brain barrier permits the infusion of Nth into
the inversion pulse is slab selective and in the other it is the brain and leads to increased uptake and accumulation of
nonselective. The difference image generated from this pairthis ion in neurons that are activated and are engaged in el-
is a flow sensitive image. Fig. 4 illustrates the results of evated neurotransmission [44], [45]. The presence of #¥n
such a “blood flow” based functional imaging study in the can be detected by MRI because Wnis a strongly para-
human brain at 4 T, acquired during a finger movement task. magnetic molecule and shortens ther&laxation rate of the
The gray scale image depicts CBF which is high in the gray tissue water. Thus, functional images based on¥accu-
matter areas that contain the cell bodies and the dendritesmulation can be detected in Tveighted images. When this
and low in the white matter that is primarily composed approach was used during rat forepaw stimulation and the re-
of axons connecting the neurons. As expected, these CBFsults compared with CBF-based functional maps, excellent
images resemble anatomical images that distinguish graycorrespondence was demonstrated and both displayed im-
and white matter in the brain. However, in case of the blood ages that were specific to layer 4 of the cortical gray matter,
flow image, the signal intensity can be quantitated and as expected. This is illustrated in Fig. 5.
assigned a number in terms of milliliters of blood delivered  The hypothesis that CBF is not spatially specific was ex-
per minute to a gram of brain tissue [33], [35]. amined recently in our laboratory using CBF-based func-
One of the unique aspects of CBF-based functional mapstional mapping of orientation columns in the cat cortex using.
is that macrovascular flow components can be selectively These experiments demonstrated that CBF (i.e., perfusion)
suppressed while sensitivity to microvascular flow and tissue response also give highly accurate orientation maps in the
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CBF vs Mn

Fig. 5. Comparison of CBF and Mit+-based functional maps in the rat cortex. The dashed lines
indicate the layers in the rat cortex. From [79].

visual cortex of the cat and are spatially specific at this scale  Red Blood Cell Capillary
[46]. Thus, the lack of specificity in the positive BOLD re- - '
sponse does not reflect a lack of specificity of the under-

lying CBF; instead, it is likely to be due to the blood flow in- I T
duced propagation of the deoxyhemoglobin alterations into ° {
the large blood vessels which, naturally, do not correspond Water Molecule Water Motecule
accurately to the actual site of activation in millimeter to sub- Water Molecule
millimeter scale. 28

Approaches to Spatially Specific Mapping Using the RS o = .0 P . g
Positive Bold Responsevhile CBF appears to be highly ?5@{;9@;:%;@%&;’%@? %i.;:;@

spatially specific and provides a means by which accurate & s & ao oo 3 & a0 o3t
fMRI can be performed, it is still not the preferred ap- Large Blood Vessel
proach in generating functional maps. The reason is that
contrast-to-noise (CNR) is higher in BOLD images and Frig. 6. Dynamic and static averaging regimes based on diffusion
in particular, rapid acquisition covering the whole or a distances relative to the size of the compartment that differs in
large subsection of the brain remains to be developed with magnetic susceptibility compared to the surrounding tissue. The
. . magnetic field gradients are most prominent in the vicinity of the

CBF-based methods. In particular, the method is more chal- compartments with different susceptibility, i.e., red blood cells,
lenging in human applications because of signal-to-noise capillaries, and large blood vessels. In case of the large blood
limitations and long transit times for blood. Unlike the vessels, diffusion distances are not large compared to vessel radius,

. . and, hence, do not lead to dynamic averaging.
CBF-based techniques, however, BOLD images can be
acquired rapidly over the whole brain. The early negative
BOLD response also suffers from signal-to-noise limitations of deoxyhemoglobin containing red blood cell$, of blood
because it is such a small effect. Thus, the positive BOLD decreases. This effect was noted by Thulborn [47], [48] and
effect approach remains the main method employed in fMRI was shown to increase quadratically with field strength as ex-
applications. The question arises then as to how one canpected. Therefore, th& of blood itselfwill change when the
acquire fMRI images based on the positive BOLD effect deoxyhemoglobin content is altered by elevated neuronal ac-
but has the spatial specificity in the columnar domain. One tivity and this will lead to a signal change ina BOLD weighted

promising approach is to usé rather thanZs. weighted image. ThigntravasculaBOLD effect will be present wher-
BOLD images at very high magnetic fields. The rational for ever the deoxyhemoglobin content alteration occurs, thus po-
this is explained below. tentially both in large and small blood vessels.

In the blood, hemoglobin is compartmentalized withinred  The extravascularBOLD effect is associated with the
blood cells. Thus, when the deoxy form is present, there aremagnetic field gradients generated outside the luminal
magnetic field gradients around the red cells. However, be- boundaries of the blood vessels due to the deoxyhemoglobin
cause the dimensions are very small compared to diffusioninduced magnetic susceptibility difference between the
distances, the effectis dynamically averaged by diffusive mo- blood vessel and the surrounding diamagnetic tissue. When
tion of the water molecules (Fig. 6) and becomds &ffect these blood vessels are small (for 43 um given the
only, as opposed tdg - effect. The dynamic averaginginthis typical deoxygenation state of the capillary/venous blood),
case also involves exchange across the red blood cell memthese magnetic field gradients are dynamically averaged
brane that is highly permeable to water. Thus, in the presenceand result in a3 effect just like the intravascular BOLD

UGURBIL et al: MAGNETIC RESONANCE IMAGING OF BRAIN FUNCTION AND NEUROCHEMISTRY 1097



(KR

- b=6.11 sec/mm?

108

BOLD

102

058
@ 0 0 3 40
Tima (% & sac)

b = 438 sec/mm?

Fig. 7. 9.4 T Diffusion-weighted spin-echo fMRI maps with b values of 6.1 (top right) and

438 s/mm (bottom right) overlaid on one of the original, consecutively acquired EPI images

(BOLD and diffusion weighted) collected during the functional imaging study. Coronal single-slice
single-shot spin-echo EPI images of rat brain were acquired with a matrix siizexf32, a FOV

of 3.0 x 1.5 cn?, a slice thickness of 2 mm, and EE 30 ms. Somatosensory stimulation was

used. Bar indicates a maximum cross-correlation value from 0.7 to 0.9. Signal intensity (shown in
background) was significantly reduced by bipolar gradients, as expected due to diffusion. Localized
activation is observed at the somatosensory cortex in the contralateral side of a stimulated forepaw.
Foci of activation site agree very well in both fMRI maps. A Turbo FLASH image with a region of
interest is shown in the upper left corner and time courses of diffusion-weighted images within

the ROI are shown in the bottom left corner. If the macrovascular contribution were significant,
relative BOLD signal changes would decrease when a higheafue is used. However, relative

signal changes remained the same in both images, suggesting that extravascular and microvascular
components predominantly contribute to spin echo BOLD at 9.4 T. From [54].

effect. However, when the blood vessel dimensions are blood vessels and 2) extravascular effect assoc@tdvith
large, dynamic averaging is not possible. Instead, there will microvesselsuch as capillaries and small venules. Thus, the
be “local” or “partial” dynamic averaging over a subsection major difference is that thextravasculaBOLD effect in a
of the volume spanned by the magnetic field gradients 75 image can only arise from the microvasculature. There-
generated by the blood vessel (Fig. 6). However, there fore, if the blood-related intravascular effects can be sup-
will be signal loss from the voxel due ttatic averaging pressed, d>-based BOLD response will be sensitiveotady
if refocusing pulses are not used. A water molecule at a microvasculature.
given point in space relative to the blood vessel will see a The issue of extra- versus intravascular BOLD effect has
“locally” time-averaged precession frequengyg, which been experimentally examined using bipolar gradients. In an
will vary with proximity to the large blood vessel. Because fMRI experiment, images are collected subsequent to signal
wp varies across the voxel, signal for the entire voxel will excitation and echo formation, either by a gradient reversal
be “dephased” and lost during the delay employed in BOLD or application of a refocusing RF pulse. During the delay
weighting after signal excitation and prior to signal acqui- after excitation and before echo formation, it is possible to
sition (echo time TE). This signal loss occurs frostatic apply a pair of gradient pulses with opposing or same polarity
averaging” In this regime, if the variatiorwg over the depending on whether the experiment is a gradient recalled-
voxel is relatively large, signal decay can be approximated or a spin-echo experiment, respectively. When the water
with a single exponential time constdfif-. In a spin-echo molecules are static in time, then such gradient pulses will
experiment, this static averaging is eliminated and will not ideally have no effect on the image. In the presence of dif-
come into play since the dephasing will be reversed after the fusion, such pulses will lead to signal loss since the spatially
application of a 189 pulse prior to signal acquisition. dependent dephasing during first part of the gradient pulses
The origin of the signal intensity changes that are detectedwill not be redone during the second gradient pulse. This
in T3 versusTs--based BOLD fMRI images differ signifi-  pulsed gradient pair has been introduced for diffusion mea-
cantly.75--based BOLD signal can arise from both intravas- surements by Stejskal and Tanner [49]; hence, often the use
cular (blood) and extravascular effects originating from large of such gradients to alter the image signal intensity is referred
and small blood vessels. The relative contributions of these to as “diffusion weighting” even though there are additional
effects depend on the magnetic field strength. 1 dased perturbations that arise from the use of such gradients.
BOLD fMRI map, the signal changes come from: 1) intravas-  In experiments employing the Stejskal-Tanner gradients,
cular, bloodZ, changes, hence both from large and small the important parameters are the magnitude and the duration

1098 PROCEEDINGS OF THE IEEE, VOL. 89, NO. 7, JULY 2001



4 TESLA

0.78 x 078 x 5 mm?, EEEnlen!Ed EPI % u:ﬁ,.], TR=0_37 &, 256 = 5

Fig. 8. (a) Activation maps obtained at different TEs in one subject at 4 T (top) and 7 T
(bottom). TEs in milliseconds are marked in the maps. (b) Time courses for TEof22msat7 T
and TEof 30 ms at4 T.

of the gradient pulse and the time separation between themillaries and small venules [52]. When similar studies were
Frequently, the results are evaluated in terms of a parameteiperformed with 4 T~60% of the “activated” pixels disap-
b which is equal to{G¥6)*(A — §/3) wherev is the gyro- peared at smah values but the remaining pixels persisted
magnetic ratio (rad/s/Gauss€j,is the magnetic field gradient  as the gradient strength was increased to attain very large
magnitude (Gauss/cmjjs the duration of the gradient pulse, values. This suggested that, at 4 T, there existavascular
and A is the separation in time of the onset of the two gra- and/orcapillary-level intravasculaBOLD effect during ac-
dient pulses. In simple isotropic diffusion, the MR signal in tivation in addition to a significant intravascular contribution
the presence of Stejskal-Tanner gradients decays accordingssociated with macrovasculature.
to exp0bD) whereD is the diffusion constant. For flowing At 9.4 T, the effect of the Stejskal-Tanner gradients
spins,b does not have such an immediately obvious physical becomes more interesting. In’& weighted fMRI study
meaning. Ifthere is flow, the spins will acquire a phase thatde- conducted in the rat brain (forepaw stimulation, symmetric
pends on amplitude of the Stejskal-Tanner gradients, the po-spin-echo with one 180pulse), we observed that the activa-
sition of the spin, and the velocity of the spins. Within blood tion is not altered at all going from very small to very high
vessels, however, flow is not uniform especially for large di- values (Fig. 7)1>-based BOLD effect can only come either
ameter vessels. Furthermore, the blood vessels may chang&om blood due to a change in the blodg or from extravas-
directions within a voxel, and there may be several different cular effects associated with capillaries and comparably
blood vessels within the voxel with different flow rates and/or sized venules. The gradient pair will suppress the blood,
different orientations relative to the gradient directions. Since except possibly in capillaries and small venules. Therefore,
the blood signal detected from the voxel will be a sum of all one can conclude that at this ultrahigh magnetic field, there
of these, the net result can be signal cancellation due to de-exists a strong and dominant BOLD effect originating from
phasing of flowing spins. As a result, these pair of gradients microscopic vessels only. However, as previously discussed,
can effectively suppress flowing spins in blood vessels. blood itself can yield7,>-based changes in fMRI signals.
The Stejskal-Tanner pulsed gradients can be used to dis-This is not detected at 9.4 T. The reason for this turns out to
tinguish between intra- and extravascular BOLD effects in be the very shorf; of venous blood itself at the very high
functional images. Such experiments have been performedmagnetic field £5 ms at 9.4 T). Even arterial blood has a
at 1.5 and 4 T on humans. The studies at 1.5 T have con-short T, at this high magnetic field strength-80 ms).
cluded that most of the BOLD-based signal increase during  With the installation of a 7 T whole body system in our lab-
elevated neuronal activity is eliminated by bipolar gradients, oratory, we have recently begun similar experimental fMRI
leading to the conclusion that most of the fMRI signal at 1.5 studies in humans for the first time at magnetic field strengths
T arises fromintravasculareffects [50], [51]. One can even thatsignificantly exceed 4 T. The experiments were conducted
suggest that this intravascular BOLD effect may be associ- using a surface coil with a visual stimulation paradigm. While
ated with only macroscopic blood vessels since itis debatableinvestigation of the/; BOLD effect is presently ongoing at
as to whether the gradient pulses used can suppress intravas: T in the human brain and, as such, it is not suitable for this
cular signals from microscopic blood vessels such as cap-review, experiments have already been conducted With
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Fig. 9. Stimulation at two forepaws with time delay (a) SEP responses at the contralateral
somatosensory area to the left forepaw. Top: ISI 75 ms. Middle: 40 ms. Bottom: 12.5 ms. The noises
after the evoked potentials were EPI generated. The sharp spikes at the second stimulation were
electrical artifacts. (b) The time courses of BOLD responses (without EEG electrodes) with

varied ISI. (From [59].)

BOLD that are relative and are indicative of increased spatial at 7 T in humans will be comparable or larger than those in
specificity. These studies are briefly summarized here. the 9.4 T animal model study. Therefore, the suppression of
Fig. 8 displays activation maps obtained from one subject blood contribution to functional images due to the increased
at several TEs for both 7 T and 4 T. At the same statistical field will be comparable in the two studies.
threshold, the 7 T maps exhibited considerably larger acti- The 7 T human studies demonstrate that all blood-related
vated area at all TEs except the last one. A paired t-test for mechanisms that contribute to the BOLD effect (see discus-
the number of activated pixels (averaged over all TES) be- sion in [55]-[57]) are virtually inoperative at 7 T for TEs
tween the 7 T and 4 T data showed that the 7 T maps wereequal to or exceeding the optimum TE of 25 ms while they
significantly (p < 0.008) larger than that of the 4 T data. As are still significant at the optimum TE of 35 ms at 4 T. This
expected, the activation maps in Fig. 8 varied with TE and be- has important implications with respect to the specificity of
came most prominent at a certain TE, depending on the field the human functional images at 7 T since such blood-related
strength. In the gray matter, signal changss( induced by effects are mostly associated with large blood vessels and,
the positive BOLD effect had a maximum at a TE of 25 ms as previously mentioned, dominate 1.5 T [50], [51], [58] and
at 7 T, and 35 ms at 4 T, consistent with the theoretical pre- even 4 T [55]-[57] brain activation maps.
diction that there is a maximum for activation induced signal  In the absence of the above-described BOLD mechanism
change which occurs when TE 15.. Consistent with the  related to blood effects, macroscopic venous blood vessels
rapid decrease in venous blo@d and75. with increasing can only contribute t@5- weighted images at 7 T through
magnetic field [53], [54], the large venous vessel (sagital the extravascular BOLD mechanism arising from static av-
sinus) contributions to functional maps (see arrow in Fig. 8) eraging of field gradients around these vessels. Such effects,
disappeared in the 7 T activation maps at long TEs while however, are eliminated ith>-based BOLD studies. There-
the same vascular contribution remained prominent with in- fore, provided th&;-based BOLD response is large enough,
creasing TE at4 T. A separate measuremeakafivchuman this approach should become a useful method for obtaining
venous blood found th&: to be approximately 7 ms for  highly specific functional images.
blood with normal Q saturation (subject I, = 6.8+ 0.4 The problem faced witl»-based imaging is not just the
ms,Y = 38%; subject 275 = 7.1+ 0.7 ms,Y = 39%; elimination of the blood contribution, however, which occurs
subject 3:7; = 13.1+ 0.2 ms,Y = 59%). These awake naturally at high magnetic fields. After all, as demonstrated
human fractional oxygenation levels are significantly lower effectively, “diffusion” weighting gradients can suppress the
in the relative to the anesthetized animals £ 80% in the blood-related effects associated with large veins. So, why not
animal model in the 9.4 T study [54]). Because of this differ- useZ5-weighted BOLD fMRI with “diffusion” weighting at
ence, the susceptibility gradient surrounding red blood cells 1.5 T for obtaining accurate functional maps? The reason is
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that once the blood-related effects are significantly reduced, a
the remainindl; BOLD effect associated with microvascu-

lature are intrinsically very small at 1.5 T due to the time 13
averaging process itself. Therefore, at lower magnetic fields
this approach suffers from contrast-to-noise ratio limitations

10

when the blood effects originating from large blood vessels

are eliminated. However, the effect increases rapidly with

magnetic field. We see that at 9.4 T, it yields 10% signal

changes associated with activation (Fig. 7). 05
Quantitive Link Between fMRI Signals and Neuronal

Activity: In electrophysiological studies of brain, such as

Ratio

single unit recording of spikes, increased spike rate directly 0.0 T - - y .

. . . . . -150 -100 -50 (o] 50 100 150
and quantitatively reflects mcreased_ ra;e of firing of a neuron Inter Stimulus Delay (ms)
or a group of neurons. Such quantitative measurements are
critical in understanding brain function. It has generally b
been assumed that a link does not exist in fMRI because 1.4
of the rather complicated nature of the fMRI response and 12
its indirect link to increased neuronal activity. Surprisingly,
however, recent experiments demonstrate that at least for o 0
relatively short stimulation periods, the two are linearly g os
dependent. An example of this from our recent paper [59] % 06
is illustrated in Figs. 9 and 10 using an experiment where 5 0.4
two ~ 300-ms-long electrical stimulations, separated by 8 0.2
a variable interstimulus interval (ISI) is applied; the first )
one to the left paw and the second one to the right paw of 0.0
a rat. Both somatosensory evoked potentials (SEM), and 00 02 04 06 08 1.0 12 14
BOLD-based fMRI from the region corresponding to the EEG RATIO

right paw are monitored. We see that when ISk40 ms, _ o _
SEM virually disappears, presumably due to an inhibitory £, 10 Tie e ien cLapiesson ol sonesersen
effect originating from regions activated by left paw stimu-  gtimuylation paradigm as in Fig. 9. The symbals)(are those
lation and traveling inv40 ms to the site of activity induced  of SEP measurements only and filled circle symbols are those
by the right paw stimulation. For ISIs that are much shorter &t C e o oo B e BOLD responses i
or longer than~40 ms, the inhibition in the SEM is not  gimyltaneous measurements. All responses were normalized to the
observed. The same is detected in the BOLD fMRI signals respective values at ISI 8100 ms (left stimulation first), or the
(Fig. 9)_ The normalized BOLD and SEM data when pIotted values with left simulation only. The curve was drawn to represent
. . . the SEP responses [59].

as a function of time display a decrease arous ms
(Fig. 10). When these data are rearranged as normalized
BOLD versus SEM, we see a linear relationship (Fig. 10).

It should be noted that these data also demonstrate that
using this approach, the amplitude modulation in BOLD can Recent efforts have focused on understanding the coupling
be used to monitor temporal evolution of neuronal activity in between cellular bioenergetics and neuronal activity (e.g.,
the neuronal time scale. This time scale is in tens of millisec- [60]-[67]). The 1*C nucleus, the only NMR-detectable,
onds and is not normally accessible to fMRI approaches duestable carbon isotope that is normally present at 1.1%
to the slow CBF and CMR®responses to increased neu- abundance, has played an important role in these efforts.
ronal activity. If 13C-enriched glucose is given to a living organism, the

Neurochemistry by MR Spectroscoplyt addition to 13C label is incorporated through metabolism into several
MR imaging that utilizes protons of tissue water, magnetic positions in many different compounds. Of interest is
resonance plays an increasingly important role in detectingthe incorporation of the label into the intermediates of
neurochemicals directly and noninvasively in the brain, tricarboxylic acid (TCA) cycle, which generates reducing
including the human brain. This capability is based on the equivalents utilized in oxygen consumption. The label is
sensitivity of the resonance frequency of nuclear spins to then transferred into the amino acids glutamate, aspartate,
their chemical environments (i.e., the chemical shift effect). and glutamine. The ability to monitor the labeling of intra-
This type of MR data, referred to as magnetic resonance cellular compounds in intact cells was first demonstrated
spectroscopy (MRS), can be performed with spatial local- using E. coli [68]. Today, using advanced shimming tech-
ization so that signals can be obtained from a well-defined niques [69] and three-dimensional localization methods,
region in the space. such highly specific data can be obtained in human and

Spatially localized MRS has been employed to measure animal brains from relatively small-volume elements (e.g.,
aspects of brain function and neurotransmission directly. [63], [65], [70]-[72]).
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Fig. 11. *C NMR spectrum acquired from a volume localized in the human visual cortex obtained
at 4 T. Glutamatergic neurotransmission rate and oxygen consumption rate can be calculated from
a spectra obtained as a function of time. Signals from multiple carbons of various amino acids

and neurotransmitters are detected. Asp: aspartate. GIn: glutamine. Glu: glutamate. GABA, NAA:
N-acetyl aspartate. (From [65].)

— S I
% CMRglc ~~~~~~~~~~~~
Gle-6-P, Glyc, "
Lag,/Pyr « > Lac,Pyr
V\ - Vv &XPT
X
Pc" OAA,, ™ \ Asp,,‘a/'f OAA,, > N\
/ \ I/ \
[ . \ \
\  Glia |  Neuron
\\ ,a-KG,,,s‘.; TTTyhTTTTTTTTT \ \_ ____________ >/ O"KG4,3,2
S~eeTy, )
Glu@ & - " luo,,,
Ve Vyr (neurotransmission)
v +— Gin® ey » GIn®™, .,
efflux

Fig. 12. Metabolic pathways in neurons and glia that can be modeléd BYNMR data.
(From [65].)

The human braih®C spectra in Fig. 11 (obtained at4 Tin  receptors during neurotransmission; it is scavenged rapidly
our laboratory) illustrate the detection of many labeled com- by nearby glial processes [73], [74]. Glutamate is then con-
pounds from aelatively small localized regiorin the visual verted to glutamine by glutamine—synthase, which is present
cortex, and the first time measurement of neurotransmissiononly in the glia [75]; glutamine is subsequently transported
rate in thehumanvisual cortex [65]. A subsequent effort on  to the neurons, converted to glutamate to replenish vesicular
humans at 2.1 T [66] was able to report basically the same glutamate. Thus, glutamine labelingi#C experiments can
results, but used at least threefold larger volumes (144 mlin principle occur predominantly through glutamate release
versus 45 ml) and longer data acquisition times for signal de- through neurotransmission and, hence, reflect the kinetics of
tection due to the lower field employed. In these studies, it is neurotransmission. Therefore, from sudt studies, it is
possible to extract information from the compartmentalized possible to calculate rates of glutamatergic neurotransmis-
metabolic pathways illustrated in Fig. 12. Most important is sion (Vxt), TCA cycle turnover, cerebral oxidative glucose
the glutamate—glutamine cycling between glia and the neu- utilization (CMR,1,,) and even break down the latter into glial
rons, the two major cell types that are present in the brain: and neuronal contributions (Table 1). The most important
Glutamate is the major excitatory neurotransmitter. Once it finding from our studies is the conclusion that¥ equals
is released into the synaptic cleft and binds the post-synaptic~60% of total oxidative glucose consumption rate in the
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Table 1
Metabolic Fluxes gmol g—! min—!) and Ratios Derived From the Human Visual Cortex
the Model Shown in Fig. 12

CMRglc (ox.) = 0.41 £ 0.03 (Oxidative glucose consumption)

Vnr = (.26 £ 0.10 (neuro-transmission)

Veon = 0.57 £ 0.06 (Pyruvate Dehydrogenase)

Vec = 0.09 £ 0.02 (Pyruvate carboxylase)

Vi = 0.57 £0.19 (cKetoglutarate - Glutamine exchange)

Neurotransmisson/Oxidative glucose consumption Rates = 0.41+14
Glial/ Neuronal ATP synthesis ~17%
Oxidative vs. Total ATP synthesis in Glia < 60%

brain and that there is significant oxidative ATP production
rate in the glia, apparently in contradiction with earlier con-
clusions reached from experiments on the anesthetized rat
brain data [76].

Such detailed studies have not yet been applied to inves-
tigate neuronal activation in the human or animal brains due
to limitations in signal-to-noise ratio of the measurements.
However, a subset of the data in the dire€ measurements
can be acquired with indirect detection with higher sensi-
tivity using the protons attached to th&C nuclei, permit-
ting calculations of changes in TCA cycle turnover and ox-
idative CMRy1, during neuronal activation. The experiment
demonstrating this is illustrated in Fig. 13, where hemifield
visual stimulation was used to obtain spectroscopic data (to-
gether with CBF and BOLD fMRI) from an activated region
in one hemisphere while the other hemisphere served as con- [1-"2C] glucose infusion time (min)
trol [61], [77].

The study illustrated in Fig. 13 is concerned with the cou- Fig. 13. Spectroscopic measurement of glutamate synthesis and

. . . . .. . oxygen consumption rate in the human brain using hemi field
pling of oxidative metapOI'Sm and neuronal activity. Itis We“_ visual stimulation that selectively activates one hemisphere in
known that under resting conditions, the cerebral metabolic the visual cortex. Spectroscopy data are acquietiltaneously
rate of glucose consumption (Cl\éB) is well coupled to from two 12 ml voxels. FMRI studies conducted together with the
CMR last bral blood f‘l CBE)inthe h spectroscopy measurements delineate the activated region. This

oz aswell astocerebra O_O ow ( )inthe human information is then used to position the voxels so that one is located

brain ([78] and references therein), and the glucose metabo-in the activated region of the activated hemisphere, and the other
lism is almost completely through oxidation. However, this in the corresponding nonactivated region in the other hemisphere.

be th during i d | . .. The image in gray scale is a coronal slice showing brain anatomy;
appears notto be't e case qung Increased neuronal actiVityye activated region appears in one hemisphere only. The boxes
Based on PET studies, the increases of GR0%—5%) define the location of the voxels from which spectroscopic data
were found to be much less than the elevation in CBF and Were obtained. Time courses of glutamate labeling are shown for

. . . the control and activated regions in the brain [61].

CMRgi. (40%—-51%) during visual and somatosensory stim-
ulations [11], [12]. This early PET result remains to this
day highly debated, with the intensity of debate having in- surements in a single subject within a single experiment are
creased recently in view of its significance in understanding also crucial in order to avoid large variances generated by in-
the BOLD response that has come to play such a prominenttersubject averaging. This was recently accomplished in the
role in neuroscience research. The difficulties and complexi- human brain using isotopic turnover rate of glutamate from
ties associated with PET measurement of GMRave also infused {l—'3C} glucose using indirect detection through
led to skepticism about the validity of the data that generated coupled protons (Fig. 13). Glutamate labeling kinetics was
this controversial concept. followed for “activated” and resting states simultaneously in

The resolution of this problem requires new studies, espe-the same individual during hemifield visual stimulation by
cially using techniques that avoid PET-specific errors. Mea- acquiring data in two distinct small volumes that span the

& il &) & i

Relative [4-12C] glutamate signal
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primary visual cortex [61], [77]. Hemifield visual stimula-
tion selectively activates the primary visual cortex of the con-
tralateral hemisphere, and thus approximately half the pri-
mary visual cortex volume that normally would be engaged
during full field stimulation. Spectra can be acquired from
two volumes positioned so that only one of the two covers
the “activated” region within one hemisphere while the other

covers the analogous but nonactivated region within the other
hemisphere. Fig. 13 demonstrates an image showing the ac-
tivation in one hemisphere, the location of the spectroscopic

voxels and the time courses of glutamate labeling from the

activated and control voxels. These data put an upper limit on

the increase in CMB; of 30% as opposed larger increases
in CBF, supporting the concept that CMRis not stochio-
metrically coupled increases in CBF and CMR
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