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17.1

Rationales for Embedded Techniques

Functional MRI is a rapidly growing technique for
the assessment of neuronal activation locations, tim-
ings, and magnitudes. It is also becoming a useful
tool for the characterization of cerebral physiology
in general. As discussed in several other chapters in
this volume, several different types of physiologic
information can be mapped using fMRI. These in-
clude baseline cerebral blood volume (CBV) (RoSEN
et al. 1989; MooNEN et al. 1990); changes in blood
volume (BELLIVEAU et al. 1991); baseline and
changes in cerebral perfusion (WiLLiams 1992;
DETRE 1992; EDELMAN 1994; KwonGg 1994; WoNG
1997; WonG 1998; Kim 1995); changes in blood oxy-
genation (OGawa et al. 1990; TURNER et al. 1991;
Kwong et al. 1992; Ocawa and LEe 1992;
BANDETTINI et al. 1992; FRAHM et al. 1992; HAACKE
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et al. 1997); and changes in CMRO, (Davis 1998;
Kim and UGURBIL et al. 1997; VANZIJL et al. 1998).

Several studies have involved the comparison -
using activations or physiologic stresses — of the lo-
cations, timings, and magnitudes of fMRI signal
changes across different contrast weightings. Infor-
mation from two or more contrast weightings is ex-
tremely helpful in the study of fMRI contrast mecha-
nisms. For example, the ratio of spin-echo to gradi-
ent-echo signal changes may reveal the predominant
susceptibility perturber size. The dynamics of cere-
bral blood flow (CBF) changes relative to BOLD
changes may reveal details of the underlying
changes in CBV and CMRO,.

Comparisons across pulse sequence weightings
are typically made by performing separate experi-
ments (collecting separate sets of time series data)
for each pulse sequence or test used. The utility of
these comparisons is directly related to how accu-
rately they can be made. Hindrances to accurate
comparison of these changes include subject motion
between separate time series, activation or hemody-
namic change non-repeatability (due to changing
cognitive or hemodynamic state over time) within
and across separate time series, and system instabili-
ties. Simultaneous collection of different contrast
weightings is a solution to the these problems. We
will refer to this type of strategy as “embedded” con-
trast weighting, since two or more types of contrast
are embedded in a single time series or following a
single excitation,

Types of embedded contrast include nearly limit-
less combinations of the following: (a) TE stepping
in a single time series to obtain data on T,* (or T,)
and S, (the extrapolated signal at TE=0), (b) multi-
ple echoes in a single excitation, (c) gradient-echoes,
spin-echoes, and asymmetric spin-echoes, (d) diffu-
sion weighting, (e) arterial spin labeling (ASL) for
measurement of CBF, and (f) magnetization transfer
contrast. Several combinations of these types of con-
trast are described in more detail below.
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17.2
TE Stepping

Assuming that a gradient-echo sequence is used, the
resting and activated MRI signal, S, and S,, respec-
tively, can be approximated by:

-R2*rTE
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The resting and activated signals at TE=0 (S, and
S.0)> are modulated by changes in proton density, T;,
or inflow. Transverse relaxation rates, Ry*r (1/T,*r)
and R,*a (1/T,*a) are modulated by changes in the
magnetic susceptibility. If TE is systematically
modulated during a time series collection of data,
temporally and spatially registered measurements of
R2* and S, during rest and activation are possible,
allowing separation of inflow (non-susceptibility)
and oxygenation (susceptibility) effects.

An example of this technique is shown in Figs.
17.1 and 17.2, in which a time series of echo planar
images was acquired. The TE was stepped between
each image; five cycles were acquired. In these data, it
appears that a change in S, and T,* takes place in the
motor cortex during finger tapping.

Reports describing several different manifesta-
tions of TE stepping have appeared in the literature,
including multi-echo high-resolution measurements
at 4T (MENoN et al. 1993), multi-echo low spatial
resolution high echo time resolution EPI readout
techniques (Possk et al. 1995 1997; BANDETTINI and
WonG 1998a), ; spectroscopic techniques for sepa-
rating out inflow and susceptibility-related causes
for the rapidly occurring pre-undershoot (HENNIG
et al. 1994, 1995); double-echo spiral scan (GLOVER
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Fig.17.1. TE dependence of the resting and activated gradient-
echo signal. Each point on the decay curve is an average of
five echo planar images acquired during a single time series.
TR=500 ms. A change in the intercept is likely due to a change
in inflow. A change in the slope (R,*) is due to changes in
oxygenation and/or blood volume
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etal. 1996), and single-echo EPI time series, in which
the TE was incremented with each successive image
(BANDETTINI et al. 1994, 1997).

In addition to the study of contrast mechanisms,
the acquisition of two or more gradient echoes al-
lows for B, field mapping at every time point. Real
time B, field mapping may allow correction for dy-
namic artifacts caused by speaking, swallowing, and
breathing (Birn et al. 1997a,b).

17.3
Combined Gradient-Echo, Spin-Echo,
and Asymmetric Spin-Echo Acquisitions

17.3.1
Gradient Echoes with Spin-Echoes

In general, the activation-induced signal changes in
spin-echo sequences are thought to arise primarily
from blood oxygenation-related field perturbations
around red blood cells and capillaries (small com-
partments). The changes in gradient-echo se-
quences are thought to arise from field perturba-
tions around red blood cells, capillaries, and larger
vessels as well (compartments of all sizes). The ratio
of these signal changes, with activation or with the
administration of exogenous contrast, may give spe-
cific information about the predominant compart-
ment size in each voxel - leading to greater certainty
of activation foci (WEISKOFF et al. 1994; OGawa et al.
1993; BANDETTINI and WoNG 1995; KENNAN et al.
1994). Voxel-wise comparisons of these changes re-
quire precise registration. A method for precise reg-
istration involves the collection of a gradient-echo
image, then application of a 180° pulse and subse-
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Combined Gradient - Echo and Spin - Echo EPI
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Fig.17.3. Combined gradient-echo and spin-echo echo planar
imaging (EPI), allowing for the collection of spin-echo (T, -
weighted) echo planar image pairs within about 50 ms of
each other. This sequence is used to obtain spatially and tem-
porally registered gradient-echo and spin-echo time course
series for voxel-wise comparison of activation-induced sig-
nal change dynamics with different contrast weightings
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quent collection of a spin-echo image (BANDETTINI
et al. 1993, 1994; BANDETTINI and WoNG 1998b;
BANDETTINI 1995; PRINSTER 1997). This approach
to image acquisition substantially reduces the small
amount of systematic error that occurs across sepa-
rate trials. The pulse sequence is shown in Fig. 17.3.

Typical time series collected using this acquisi-
tion strategy are shown in Fig. 17.4. Both time series
are from identical voxels in motor cortex. Figure
17.4a is during administration of a bolus of gado-
linium during rest. Figure 17.4b is during cyclic on-
off finger tapping. Figure 17.5 shows a type of com-
parison possible with this technique. Changes in R,*
and R,, induced by a bolus injection of gadolinium,
are compared on a voxel-wise basis.

Image pairs and BOLD contrast functional im-
ages created from combined gradient-echo and spin-
echo time series are shown in Fig. 17.6. Lastly, sys-
tematic incrementation of the two TE values in each
sequential time course image also enables the simul-
taneous mapping of relative transverse relaxation
rates (R,*, R,, and R,') and longitudinal magnetiza-
tions (S,), as well as changes in these values, as
shown in Figs. 17.7 and 17.8. Using this method of
analysis, a decrease in R, is minimally perceptible,
and S, changes are relatively imperceptible. The rea-
son for this last observation may be that the TR was
suboptimal for detection of S, changes or that the
susceptibility-induced transverse relaxation rate
changes do not behave as single exponential func-
tions.
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17.3.2
Gradient Echoes with Asymmetric Spin-Echoes

In a variation on the theme described above, one or
two asymmetric spin-echoes can be acquired in-
stead of the spin-echo. If the echo planar imaging
(EPI) readout window is sufficiently short, then
three equally T,’-weighted images can be obtained
within ~150 ms, each having a different T, weight-
ing. The first image is collected during the FID, the
second prior to the spin-echo (offset by -t), and the
third after the spin-echo (offset by +1).

Figures 17.9 and 17.10 show an example of this
strategy. A time series of 200 axial image triplets was
collected: in-plane voxel dimension=3.8x3.8 mm,
slice thickness=7 mm, TR=1 ms, gradient echo
TE=27.1 ms. The spin-echo occurred at 109.6 ms,
and two asymmetric spin-echoes were collected at t
offsets of £27.1 ms. During collection of the time se-
ries, self-paced bilateral finger tapping was per-
formed in a cyclic manner (20 s on/20 s off). Figure
17.9 shows the first anatomical images (TR=8) and
functional images obtained using this technique.
Figure 17.10 shows time series from the same voxels
in the motor cortex. Because of T, decay, the signal-
to-noise ratio in each image decreases, and corre-
spondingly, the contrast-to-noise ratio in the func-
tional images decreases. The functional contrast-to-
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Fig. 17.4a,b. AR,* and AR, from identical regions during a
bolus injection of a susceptibility contrast agent and b brain
activation. A combined gradient-echo and spin-echo se-
quence were used
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Fig. 17.5a,b. Plots from gray matter of BOLD AR,*/AR, vs a
AR,* and b AR2. Significantly different correlations are seen
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Gradient-Echo TE = 30 ms

Anatomical

Functional

noise ratios in the same motor cortex region were
4.9,2.0,and 1.6 for the three functional data sets, re-
spectively.

If TE=x*1, then a measure of T, can be obtained by
fitting the three points to an exponential. In this
study, the T, from the motor cortex region was
74.2%1 ms. The time series can also be averaged to
increase the functional contrast-to-noise ratio.

If at least one of the two t offsets is different from
the gradient-echo TE, then T, and T,” measurements
may be made at each TR.
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Spin Echo TE= 110 ms

Fig. 17.6. A pair of anatomical images
and the corresponding functional cor-
relation images obtained simulta-
neously from combined gradient-echo
and spin-echo time course series

Fig. 17.7. Resting state transverse relax-
ation rate and S, images. The R2' image
(=R,*-R,) is a direct indicator of pro-
ton resonance line width

17.4
Simultaneous BOLD and Perfusion fMRI

Perfusion fMRI using arterial spin labeling (ASL)
(WiLL1aMs et al. 1992; DETRE et al. 1995; KwoNG et
al. 1995; Kim 1995; WonG et al. 1997) is a useful ad-
junct to conventional BOLD contrast because it pro-
vides potentially better spatial localization and ab-
solute quantitation of CBE, but has less sensitivity
than BOLD contrast (see Chap. 6, this volume). It is
also important for studies of BOLD contrast mecha-
nisms, which involve complex interactions between
CBE, CMRO,, and CBV. Techniques for simultaneous
acquisition of BOLD and ASL perfusion signals are
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described below, along with a discussion of the qual-
ity of separation between BOLD and perfusion in-
formation.

17.4.1
Imaging Techniques

For any imaging technique that is T, or T,* sensitive,
there is some degree of inherent BOLD contrast.
Likewise, for all but very specifically designed se-
quences, there is some degree of inflow weighting,
positive or negative. In this section we discuss the
factors that affect the separability of flow and BOLD
signals.

17.4.1.1
Pulsed ASL

In ASL in general, the magnetization of the static
tissue in the imaging slices is immaterial, as long as
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Fig. 17.8. Images of transverse relax-
ation rate change during bilateral fin-
ger tapping. The largest changes are
seen in R, and almost no change is seen
in §,

Fig. 17.9a-c. Functional images ob-
tained from a single triple-echo time
series. a gradient-recalled echo (GRE;
TE=271 ms). b Asymmetric spin-echo
(ASE); spin-echo occurs at 109.6 ms
(t=-27.1 ms). ¢ ASE (t=+27.1 ms)
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Fig. 17.10A-C. Time course plots from the same motor cortex
region as in Fig.17.9. Plots A, B, C correspond to images A, B,
C in Fig.17.9
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it is the same between tag and control conditions
(BuxToN et al. 1998). For pulsed ASL, it is relatively
straightforward to arrange for the magnetization of
the imaging planes to be such that both tag and con-
trol images can be used for both the ASL and the
BOLD signal. This is done in the following manner
(WoNG et al. 1997; WonG and BANDETTINI 1996).
The magnetization of the tagged arterial blood
follows an inversion recovery curve in the time after
the application of the tag, as shown in the bottom
curve of Fig. 17.11. In the control state, the arterial
magnetization is relaxed, as in the top curve in the
figure. If a saturation pulse is applied to the imaging
plane immediately prior to the application of the tag
pulse, the tissue in the imaging plane undergoes
saturation recovery, as in the middle curve of the fig-
ure. As usual, the ASL signal is the difference be-
tween adjacent tag and control images, irrespective
of the static tissue contrast. Under these conditions,
the average of adjacent tag/control pairs can be used
to construct the BOLD time course. Note that in an
average of adjacent images, the time course of the
average magnetization of the inflowing arterial
blood is the same as the magnetization of the static
tissue (i.e., the average of the top and bottom curves
in the figure equals the middle curve. Equivalently,
the tag condition is negatively flow-weighted (inflow
decreases M,), while the control condition is posi-
tively flow-weighted (inflow increases M,) by the
same amount. If the T, of arterial blood is identical
to that of the static tissue, then these pairwise aver-
aged images are independent of inflow. However, be-

Unperturbed

0.5

Time ()

Fig. 17.11. Evolution of magnetization after the time of tag or
control application. Arterial blood is unperturbed in the con-
trol state and inverted in the tag state. If the imaging plane is
saturated at the time of the inversion tag, then static tissue
undergoes saturation recovery. Note that at all times, the
saturation recovery magnetization equals the average of the
unperturbed and the inversion recovery magnetization (see
text)
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cause the T, of blood is slightly different from that of
brain tissue, there is a very small amount of flow
weighting in the BOLD signal, as estimated below.

17.4.1.2
Continuous ASL

For continuous ASL (WiLL1AMS et al. 1992; DETRE et
al. 1995), because the inversion of tagged arterial
blood is distributed across time, the tagged blood
does not follow a simple inversion recovery as in
pulsed ASL. For this reason, the scheme outlined
above for pulsed ASL does not generate a flow-inde-
pendent BOLD signal. However, in continuous ASL
the control images acquired without perturbation of
the inflowing blood are nearly flow independent and
can be used as a BOLD time series. There is a very
slight positive flow weighting in these images due to
the saturation of the imaging slice at the time of
image acquisition, and subsequent inflow of relaxed
blood, but this effect is small because of the long TR
used in continuous ASL.

17.4.2
Separation of BOLD and Perfusion Signals in
Pulsed ASL

The raw time course and separated CBF and BOLD
components of the signal from a simultaneous
pulsed ASL/BOLD finger tapping experiment are
shown in Fig. 17.12. In the raw time series, the ASL
signal is seen as the rapid image-to-image oscilla-
tion, while the BOLD signal is the overall rise and
fall of the signal. In the separated time series, the
ASL signal is calculated not as a simple pairwise
subtraction, but as the difference between each im-
age and the average of the previous and next images.
In this manner, the ASL becomes independent of lo-
cal linear trends in the BOLD signal. Likewise, the
BOLD signal is calculated as the average of each
image with the average of the previous and next
images, providing insensitivity to linear trends in
the ASL signal. The residual cross-contamination of
the ASL and BOLD signals in the scheme described
above is discussed and estimated below.

17.4.2.1
Contamination of the BOLD Signal by Perfusion

Because the T, of blood is known to be longer than
that of tissue, there is some residual negative flow
weighting in the average of tag and control images
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Fig. 17.12a-c. Separation of arterial spin labeling (ASL) and
blood oxygen level-dependent (BOLD) components from a
raw time series in a combined ASL/BOLD experiment. a Raw
time series from each of nine pixels shown in the boxed area
of the image. b BOLD time series; ¢ ASL time series (see text)

due to exchange of blood water with tissue water.
This residual flow contribution can be estimated by
calculating the difference between the magnetiza-
tion of the tissue compartment in the presence and
absence of inflow for a saturation recovery experi-
ment. Using the kinetic inflow model for the ASL
signal, in a QUIPSS 1II experiment with TI;=700 ms,
TI,=1400 ms, if the transit delay is 1000 ms, the T, of
blood is 1300 ms, and the T, of tissue is 900 ms, the
residual flow signal in the average of tag and control
images is approximately 18% of the flow signal in
the difference signal between tag and control states.
This flow contribution has the opposite sign as that
of the BOLD signal and thus can only cause underes-
timation of the BOLD signal.

17.4.2.2
Contamination of the ASL Signal by BOLD

BOLD effects can also contaminate perfusion mea-
surements, but this effect is probably even smaller
than the effect of flow on the BOLD signal. To a first
approximation, the BOLD effect causes a simple
scaling of the MR signal on the order of 2%-4% dur-
ing activation. If this scaling occurs uniformly
throughout the tissue, then this would result in a
simple scaling of the flow difference signal. A typical
value for the signal-to-noise ratio of the flow mea-
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surements is approximately 20 for 3 min of averag-
ing, so changes on the order of 2%-4% would be at
the limit of detectability. Furthermore, functional
changes in the flow signal are typically on the order
of 50% of the flow signal, and would dominate
BOLD-related changes. However, the distributions of
tissue that give rise to the flow and BOLD signals are
different and may result in a more complex interac-
tion between the flow and BOLD signals. The flow
signal arises mostly from small arteries, capillaries,
and brain parenchyma. The BOLD signal is prima-
rily from veins and tissue surrounding veins and
cannot arise from the arterial side of the circulation
because arterial oxygenation is essentially constant.
The only overlap between the populations of tissues
that give rise to flow and BOLD signals is in brain
parenchyma surrounding veins. These extravascular
tissues are responsible for only about one third of
the BOLD signal, as determined by diffusion-
weighted BOLD studies (BoXERMAN et al. 1995,
SONG et al. 1996; ), and thus produce signal changes
that are on the order of 1%. If the BOLD signal only
increases the brain tissue signal by 1%, then the tis-
sue component of the ASL signal will be increased by
1%, generating errors in the flow measurement that
are typically well within the experimental error.

17.5
Embedded Diffusion Weighting

Diffusion weighting (also known in the context of
fMRI as flow weighting or velocity nulling) has been
shown to reduce fMRI signal changes by removing
the intravascular contribution to the signal
(BOXERMAN et al. 1995; SONG et al. 1996). To probe
the effects of diffusion weighting on a voxel-wise
basis, it is useful to embed diffusion weighting
within a single time series. Examples are shown of
the application of embedded diffusion weighting
within time series of interleaved flow and BOLD
contrast.

In the example shown here, voxel-wise compari-
sons are performed on time series containing perfu-
sion, BOLD, and diffusion weighting contrast. All
studies were performed on a 1.5 Tesla GE Signa scan-
ner. A balanced torque, three axis gradient coil was
used for EPI. Cyclic bilateral finger motion was per-
formed. A single axial imaging plane was obtained
using T2*-weighted PICORE (WonG et al. 1997). Se-
lective and nonselective off-resonance inversion was
applied for every other image. Diffusion weighting
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gradients (b=10 s*/mm) were applied for every other
pair of images. The in-plane voxel dimen-
sion=3.8+3.8 mm, slice thickness=10 mm, TE=40
ms, TR=2 s, TI=1.2 s. A total of 1792 sequential im-
ages were obtained, producing four embedded time
series of 448 images. Motion correction was per-
formed.

Figure 17.13 shows the anatomical and corre-
sponding functional images created from the four
time series. Figure 17.14 shows scatter plots compar-
ing the relative activation induced signal changes
(A%=percent change, A=difference). Two main
points can be made: (1) The regions of activation be-
tween perfusion and BOLD contrast differ (in Fig.
17.13, compare B,C to D,E). Correspondingly, a small
inverse relationship exists between perfusion and
BOLD signal change magnitudes (Fig. 17.14 C).
Generally, regions of highest perfusion changes cor-
respond to BOLD changes of only about 1%. (2) Dif-

E

Fig.17.13. A Anatomical image. The following images are ob-
tained using B BOLD and no diffusion weighting; C BOLD
and diffusion weighting; D perfusion and no diffusion
weighting; E perfusion and diffusion weighting
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Fig. 17.14A-D. Voxel-wise activation-induced signal change
comparisons (A%, percent change; A, difference). A Perfu-
sion: diffusion weighting (VN; velocity nulling) vs no diffu-
sion weighting. B BOLD: diffusion weighting vs no diffusion
weighting; C BOLD vs perfusion; D baseline signal attenua-
tion by diffusion weighting vs BOLD percent change with
activation

fusion weighting, while reducing the BOLD frac-
tional signal change (by about one half, as shown in
Fig. 17.14B), does not change the location of activa-
tion (in Fig. 17.13, compare B to C). Because of ex-
travascular susceptibility effects, the relative signal
change magnitudes are still strongly weighted by
blood volume, even though the blood signal itself is
destroyed by diffusion weighting. Figure 17.14D also
demonstrates this by showing that the largest attenu-
ation of baseline signal by diffusion weighting (cor-
responding to voxels with high blood volume) corre-
sponds to the largest fractional signal change. This
largest fractional signal change remains the largest
even with diffusion weighting (Fig. 17.14B).

17.6
Conclusions

Embedded contrast is a simple solution to the need
for comparisons of different contrast weightings
that require a high degree of temporal and spatial
registration. These types of comparisons have
proven extremely useful for the study of fMRI con-
trast mechanisms. In this chapter, methods for em-
bedding several types of contrast were discussed.
These included combinations of inflow, T, T,*, and
T,' forms of BOLD contrast, and diffusion weight-

ing.
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