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Enhancement of BOLD-Contrast Sensitivity by Single-Shot
Multi-Echo Functional MR Imaging

Stefan Posse,'* Stefan Wiese,! Daniel Gembris,! Klaus Mathiak,! Christoph Kessler,?
Maria-Liisa Grosse-Ruyken,! Barbara Elghahwagi,! Todd Richards,® Stephen R. Dager,®

and Valerij G. Kiselev’

Improved data acquisition and processing strategies for blood
oxygenation level-dependent (BOLD)-contrast functional mag-
netic resonance imaging (fMRI), which enhance the functional
contrast-to-noise ratio (CNR) by sampling multiple echo times in
a single shot, are described. The dependence of the CNR on T3,
the image encoding time, and the number of sampled echo
times are Investigated for exponential fitting, echo summation,
weighted echo summation, and averaging of correlation maps
obtained at different echo times. The method is validated in vivo
using visual stimulation and turbo proton echoplanar spectro-
scopic imaging (turbo-PEPSI), a new single-shot multi-slice MR
spectroscopic imaging technique, which acquires up to 12
consecutive echoplanar images with echo times ranging from
12 to 213 msec. Quantitative T3-mapping significantly increases
the measured extent of activation and the mean correlation
coefficient compared with conventional echoplanar imaging.
The sensitivity gain with echo summation, which is computation-
ally efficient provides similar sensitivity as fitting. For all data
processing methods sensitivity is optimum when echo times up
to 3.2 T; are sampled. This methodology has implications for
comparing functional sensitivity at different magnetic field strengths
and hetween brain regions with different magnetic field inhomogene-
ities. Magn Reson Med 42:87-97, 1999, © 1999 Wiley-Liss, Inc.
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Functional MR imaging (fMRI) is a powerful emerging tool
for mapping brain activation with high spatial and tempao-
ral resolution. However, fMRI suffers from a number of
limitations as follows:

1. Sensitivity constraints at clinical field strengths limit
studies of higher cognitive functions. In many cases
multi-subject averaging is necessary, despite the well-
recognized limitations of that approach.

. Absolute quantitation of functional signal changes,
which exhibit between-subject and within-subject
variability, is not yet feasible. This limitation is in
part due to poorly characterized signal contributions
from the microvasculature, large blood vessels, and
cerebrospinal fluid (CSF).

. Conventional blood oxygenation level-dependent
(BOLD)-contrast fMRI techniques measure the signal
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decay at a single echo time, which closely matches
the average tissue TS to optimize functional contrast.
However, regional and inter-individual variations in
intrinsic tissue TF, hardware instabilities, as well as
possible changes in initial signal intensity (S,) due to
flow effects, confound quantitation of the observed
signal changes.

Recent advances in characterizing the BOLD-contrast
mechanism and the spatial localization of functional signal
changes during neuronal activation were made possible by
acquisition techniques that sample multiple time points of
the water relaxation decay (1-18). Furthermore, distine-
tion of T3 -relaxation and other factors (e.g., inflow, hard-
ware instabilities) can be achieved (9). In previous fMRI
studies, the BOLD-contrast signal decay curve in gray
matter has been shown to be approximately monoexponen-
tial between echo times of 30 and 100 msec (1,4,6,8). In and
adjacent to blood vessels, multiexponential decay has been
found (6). To quantitate functional relaxation changes
using conventional fMRI techniques [fast low-angle shot
(FLASH)/gradient-recalled acquisition in a steady-state
pulse (GRASS) or echoplanar imaging (EPI)], it is necessary
to repeat measurements with different echo times. How-
ever, such measurements are very time consuming due to
the many repetitions of the stimulation paradigm at differ-
ent echo times, which makes the results sensitive to
physiological variability (e.g.. from changes in attention)
during the measurements and introduces sensitivity to
head motion artifacts. This limits practical measurements
to only a few time points along the signal decay curve. A
significant reduction of the measurement time is possible
by multiecho (spectroscopic) imaging methods that mea-
sure functional signal changes at multiple echo times in a
single excitation (1,3,4,6,7-14). Recently, we have used fast
spectroscopic imaging based on our proton echoplanar
spectroscopic imaging (PEPSI) method (15,16) to map
functional changes in water T3 quantitatively during vi-
sual stimulation (9). However, that technique was limited
to a single slice and had poor temporal resolution of 4.5
sec. The most advanced methods can now measure com-
plete two-dimensional (2D) relaxation maps in a single
shot (11-14).

An alternative method with much finer sampling of the
signal decay curve has been developed by Henniget al (17),
who employed PRESS single-voxel spectroscopy to quanti-
tate changes in T; during visual stimulation. In a subse-
quent study, the high intrinsic sensitivity of the method
enabled them to detect subtle signal changes associated
with the so-called negative dip during the first second of
activation (18). However, this single-voxel technique is not
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suitable for mapping the spatial distribution of the BOLD-
contrast signal changes, and its spatial resolution is very
coarse compared with that of fMRL

To our knowledge, the sensitivity of multiecho fMRI
methods to changes in BOLD relaxation has not yet been
systematically characterized in comparison with conven-
tional single-echo techniques. The BOLD effect, which is
most conveniently viewed as a bell-shaped difference
signal between two relaxation curves measured during
activation and during baseline, has a maximum at a time
clelay that corresponds approximately to the mean of the
TZ values of the two curves (Fig. 1). The time course of the
difference signal suggests that to maximize sensitivity in
the presence of noise it is advantageous to use a sampling
window that encompasses the major part of the bell-
shaped curve. This can be achieved either by using EPI
with very low detection bandwidths (which, however,
increases geometrical image distortions) or by repeating
the same EPI encoding multiple times in a single shot at a
correspondingly higher detection bandwidth.

In this paper we assess the dependence of the contrast-to-
noise ratio (CNR) of single-shot multiecho EPI data sets on
T7, the k-space encoding speed, the spatial resolution, and
the number of echoes acquired. To validate our findings in
vivo, we used a new single-shot multislice T -sensitive
MR spectroscopic imaging method (turbo-PEPSI), which
acquires 12 consecutive echoplanar images with equidis-
tant echo times ranging from 12 to 213 msec with a spectral
bandwidth of 55 Hz. Since curve fitting of the echo data is
time consuming, faster data-processing methods were also
analyzed, comprising linear and weighted summation of
data acquired at different echo times and averaging of
correlation maps obtained at different echo times. We have
previously reported preliminary results in abstract form
(12,14).
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FIG. 1. Typical BOLD contrast difference signal (8 Hz flicker light
activation—baseline) in a central voxel in visual cortex measured
with the PEPSI spectroscopic imaging method (TE 2.5-258.5 msec,
TR 293 msec, « 35°, voxel size 6 x 6 X 6 mm?). The maximum
difference slgnal in that study (9) was observed at a TE of 69 + 5
msec.
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THEORY
Data-Processing Strategies

Let us assume that the stimulation paradigm is measured at
time points ¢ (measurement time domain) using a single-
shot multiecho measurement at echo times TE, (echo time
domain) with an interecho spacing At, which is identical to
the image encoding time and inversely proportional to the
receiver bandwidth. In the context of spectroscopic imag-
ing the inverse of the interecho spacing is commonly
referred to as the spectral bandwidth (9,15,16). Assuming
monoexponential relaxation, the multiecho signal in a
given voxel can be expressed as:

S(t,. TE,) = Sy(t) exp |- gl (1]

TE,
T; (t)
where the subscript r = 1...., M labels the repetitions of the
multiecho measurement and n = 1,..., N labels the echo
number. Sy(t,) is the initial signal amplitude, which may
vary from measurement to measurement due to hardware
instabilities or flow-related saturation effects. T5(t;) is the
stimulus-dependent relaxation time. Signal fluctuations
are assumed to consist of two components: white noise g,
(thermal noise and hardware instabilities) and more slowly
varying noise h,, which reflects physiological mechanisms,
such as heart-beat-related brain pulsation and stimulus-
independent vasomotor activity (19). The noise g, is white
at least up to the frequency 1/At and depends on imaging
parameters such as voxel size and receiver bandwidth.
This noise has zero mean and a standard deviation oy,
which is independent of TE, and . The physiological
noise h, describes fluctuations in Sy(t) and T (t) in the
domain of repetition time. The value of h, is constant
during a single multiecho measurement. This noise has
zero mean and statistical deviation vy, which is TEindepen-
dent. For simplicity, we assume Gaussian noise distribu-
tions and statistical independence of the two noise compo-
nents.

The BOLD-contrast difference signal AS between the
activated state and the baseline state can be found by
assuming small changes in T3 (f):

T3(t) =T; + AT;(t), AT () < T (2]

and by expanding in AT7 ()

AS(t, TE,) = S,AT:(t) g ( TEy
[ n alz r: S .
' ot 1z dT3 exp T

TE| AT (t) 5
R

= S — exp

TE, (
L

This bell-shaped curve (the contrast) has its maximum
value

SAT; SATE
0 4 (t) ~ 037 WA T3 (t)
el T;

[4]

at TE, = T3, which is typically 70 msec at 1.5 T (Fig.1).
With conventional fMRI techniques, only a single time
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point close to the expected BOLD effect maximum is
measured. The image encoding time for a 64 < 64 spatial
matrix is typically on the order of 40-60 msec. Longer
measurement times (lower phase-encoding bandwidths)
are rarely used due to the stronger sensitivity to geometri-
cal distortions.

Under these conditions, additional functional informa-
tion can be obtained by sampling multiple echo times in a
single shot and by combining the data sets thus obtained.
The degree of sensitivity enhancement is not only depen-
dent on T3 and the image encoding time, but also on how
the data sets are combined. Since the measured signals for
each voxel form a 2D array in rand n, the functional signal
analysis can either start with the echo time domain and
continue with the measurement repetition time domain or
proceed in the reverse order, although more flexible 2D
approaches may also be useful. When starting with the
echo time domain, several data-processing options (1.-3.)
are available:

L. Summation of data sets acquired at different echo
times that is computationally fast yields a combined
measure of Sy and T3

N

3(t) = >, S(t,, TE) (5]
n=1

The disadvantage of this method is that noisy data
sets measured at long echo times reduce the overall
gain in sensitivity. The bell shape of the difference
signal suggests that:

2. A weighted summation of the data sets acquired at
different echo times increases sensitivity compared
with simple summation:

N
S(t) = >, Sit, TE)w(TE,), (6]
n=1

where the weighting function:

TE

n

w(TE,) = exp [7]

T

15)

is employed. The time constant 7 should match the
expected relaxation time T7. This approach is similar
to the matched filter used in spectroscopy. Unlike in
spectroscopy, an exponentially decaying weighting
function that matches the shape of the relaxation
signal is less advantageous for measuring the differ-
ence signal. It is of interest to compare these ap-
proaches with:

3. Curve fitting in the time or the spectral domain to
quantitate changes in T3 and S;. Although this ap-
proach, which was the only method used in the past
to analyze multiecho measurements, has the advan-
tage of being quantitative, computational require-
ments may limit clinical applications,

After these preprocessing steps, algorithms for detect-
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ing neuronal activity (such as correlation analysis)
can be applied.

4. When starting with the measurement time domain,
statistical analysis is performed for each echo sepa-
rately. The data can be processed like conventional
fMRI data (e.g., by correlation analysis), and the
resulting statistical maps can be combined to increase
statistical significance, e.g., by averaging.

Sensitivity Optimization

A decision must be made as to how far to the left and to the
right of the maximum of the difference signal sampling is
necessary in order to optimize sensitivity. For simplicity,
we assume equidistant sampling with an echo spacing At,
which is equal to the image-encoding time, a minimum
echo time of TE; = At, and a total sampling time NAt. The
dependence on the starting point at the left side of the
maximum is not further considered, since it does not
significantly modify the results due to the steep initial rise
of the difference signal with increasing echo time. The
CNR of the single-echo measurement, which serves as a
reference for the sensitivity enhancement, is obtained from
the contrast in Eq. [4]):

037 SATE()

\.EO'ST{

CNR, (8]

where \Eo-g is the standard deviation of the white noise of
the difference signal computed in Eq. [3].

1. For the case of simple surnmation of signals acquired
at different echo times, the resulting difference of the
activation and baseline signals can be expressed as:

N

> AS(t, nAY)

n=1

1 — e—lN+l}dU?‘i

7
= Gyemi ~ 55511 — eem) (g

I = ef:.\t."ifi

where V> 1. As the BOLD effect provides arelatively
small change in T,*, the following approximation for
the contrast C can be made:

N

C= SATH(E)—, 2, A5, nAd
dTg n=1

ATZ(t,)
T

[1 = (x+ e] [10]

where x = NA#/T;. The white noise in this summed
up signal has the standard deviation \2No,. Thus, the
CNR of a single multiecho measurement is:

Sy AT [TF (1 — (x+ e
CNRy= — —— A [ ——————  [11]
V2o, T VAt Jx
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2. Theoretical gain in contrast-to-noise ratio by multiecho

(CNRy) compared with single-echo (CNRg) sampling for different
data-processing methods in the echo time domain as a function of the
number of measured echoes (N), scaled by the intrinsic T2-value and
the measurement interval At. Exponentially weighted summation is
less advantageous than simple summation and curve fitling. The best
performance is predicted for weighted summation using a matched

filter.

The CNRy has a maximum at x = 3.2 (Fig.2). Thus,
sampling of the free induction decay (FID) should be
performed with a total measurement time:

T,

ot = 3.2T3 [12]

which for a given image-encoding time At corre-
sponds to the optimum number of measured echo
times:

N,

opt

=~ 3.2T;/At [13)
For this Ny, the CNR is maximum and equal to:

CNRy

s(,A r,) 7
= 0.46 M—lz CNRU [14])

For numerical estimates of sensitivity enhancement,
we use T7 = 70 msec (at 1.5 T) and compare an EPI
encoding time At of 50 msec, which is typical for
many functional studies with At = 18.3 msec, which
reflects our measurement conditions (see below). The
optimum number of echoes for the two EPI encoding
times are 4 and 12, respectively, with total sampling
times of 200 and 220 msec. The gains in sensitivity
compared with the corresponding single-echo mea-
surements are 1.42- and 2.35-fold, respectively. Thus,
even for At = 50 msec, a multiecho measurement
results in significant gains in sensitivity.

. For weighted summation using calculations analo-

gous to those performed above, the following CNR
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was obtained (Fig. 2):

CNRy

S AT T; 2= (x%+ 2x - 2)e?
== \a 3 s
A

For large x, this function has an asymptotic value:

CNRy

So ATZ() [Tz / Iz
= o = 1.36 CNR, [16]
220, T At At g

while its value for the echo time 3.2 T is only 1%
smaller (Fig. 2). The asymptotic value in Eq. [16] is
approximately 13% higher than the value obtained
for simple summation. By contrast, exponential
weighting of the data is less advantageous, as shown
in Fig. 2.

. Curve fitting of the multiecho data corresponds to the

minimization of;

= %Z [S(t. TE,) — f(%, t,)]? (17]

where fdescribes the curve fit (e.g., a monoexponen-
tial decay), which is dependent on time and a set of
parameters X = (X}, X, ...) (e.g., the initial signal
magnitude and the relaxation rate). To assess the CNR
of curve fitting, we expand F in the difference

S, = S(t,. TE,) — flx, t,) and in the variation of the
parameters dx up to the second-order terms, which
are predominant because the first-order terms are zero
at the minimum of F.

= 1 ieF
Fz%dands,,d\, ,Eu,'a = dx; dx,

ds, ds,, [18

"2,,,05:!5,.,, 0 S (18]

The noise-dependent parameter variation can be found
by the minimization of this quadratic form. The result
is:

5 ( 9 F
dx = —

X0}

- d 19
e
In this product of matrices, the inversion implies a
matrix inversion of the dimension of x, which is
small. For the sake of illustration, we perform the
explicit calculations in Eq. [19] for fitting T; with
constant Sy. The estimate we obtain for the CNR is
shown in Fig. 2.

. When starting the correlation analysis along the mea-

surement time domain with subsequent combina-
tion of the correlation maps obtained at different
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echo times, several processing options, including
simple averaging and weighted averaging of correla-
tion maps are available. Simple averaging is used here
to illustrate the enhancement of the CNR. The analy-
sis is based on analytical expressions and numerical
computations reflecting our measurement condi-
tions.

Let £(TE,) be the correlation coefficient measured
with the n-th echo:

>, sit,. TE,)p(t)

r

STE) M 120]

&(TE,) =

where s = S — S and p are the changes in the signal
and the reference vectors, respectively, with the mean
values (obtained by averaging over r) subtracted,
$(TE,) = 3, s%(t, TE)/M, and p? = %, p¥/M. The cor-
relation coefficient & (Eq. [20]) obtained from a given
voxel is assumed to vary between different fMRI
experiments due to the noise contributions g, and h,.
In the first step, we compute the statistical mean
(E(TE,)) and its standard deviation o¢(TE,) with re-
spect to repetitions of the whole experiment by
expanding £(TE,) in powers of the noise (g,, + h),
which is considered to be a small parameter, such that

its standard deviation o, = \fZ(rS + o, obeys the in-
equality a,/s(TE,) < 1. The results are:

P PR '
B(TE) ~ & [1 ZZZ{TE”J and

Tepn T .2
Uszﬁ \.‘l — Eﬂ [21]
S(TE)VM
where & is the correlation coefficient one would
obtain in the absence of noise, which is less than one
due to deviations of the modeled reference vector
from the actual signal. As expected, (£(TE,)) decreases
with increasing noise and peaks at TE,, = T3 (Fig. 3a).
The next step is the computation of the averaged
correlation coefficient £ = X, &(TE,)/N. Because of
our assumption of Gaussian noise, the squares of the
standard deviations of different echo times are addi-
tive. Thus, similar to the above analysis, weighted
averaging of correlation maps accounting for Eq. [21]
would provide optimal functional sensitivity. For the
sake of simplicity, we consider averaging with equal
weights. The relative CNR as a function of the range of
averaged echo times shows a maximum (Fig. 3b),
similar to the results obtained by preprocessing in the
echo time domain.

MATERIALS AND METHODS

Data Acquisition

Seven visual stimulation experiments were performed on
three male subjects with a mean age of 27 * 4.4 years (SD;

age range 22-30 years). Subjects gave written, informed
consent for participation in the study, which was approved
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FIG. 3. a: Simulation of the mean correlation coefficient { and its
standard deviation (dashed lines) for different echo times assuming
the measurement conditions in this study (12 echoes ranging from 12
to 213 msec, echo spacing 18 msec, £ = 0.8, $(TE,)lag.p =5 M=
30). The results of the simulation are only qualitatively correct for n <
2 and n > 10. b: Averaging of correlation maps obtained at different
echo times increases the relative contrast-to-noise ratio (CCNRy)
compared with that of the single-echo (TE = T;) correlation map
(CCNRy) depending on the range of selected echo times.

by the University of Disseldorf Human Subjects Review
Committee. Wide-angle visual stimulation with red light
flashing at 8 Hz was applied using home-made computer-
controlled LED goggles positioned directly over the sub-
Jject's face. The timing of the visual stimulation was synchro-
nized to the pulse sequence trigger of the scanner.
Measurements were acquired on a Vision 1.5 T whole-body
scanner (Siemens Medical Systems, Erlangen, Germany)
equipped with a standard quadrature head coil and an EPI
booster. Foam cushions to secure the head were used to
reduce motion artifacts.

The turbo-PEPSI pulse sequence included lipid suppres-
sion and was designed to acquire up to 12 consecutive EPI
encodings. Parameters were as follows: flip angle 90°; field
of view (FOV) 220 mm; matrix size 64 X 32 pixels; pixel
size 3 X 6 mm?; slice thickness 3 or 6 mm; number of slices
4; and interslice spacing 0.3 or 0.6 mm. TEs ranging from
12 to 213 msec from a single FID were used to optimize
functional sensitivity, as discussed above. The duration of
the trapezoidal readout gradient was 500 psec, with 160
psec ramp times. Nonlinear sampling was employed on the
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ramps. The maximum receiver bandwidth was 196 kHz.
Phase encoding was refocused between images to encode
the same k-space trajectory in all images, resulting in a total
image encoding time of 18.3 msec. The total number of
images that could be acquired was dependent on selection
of the TR, number of slices, and number of echoes due to
software limitations.

To assess the robustness of multiecho sampling for
different stimulation conditions, seven experiments using
five stimulation paradigms listed in order of decreasing
stimulus duration and decreasing functional CNR were
performed:

Paradigm 1: 15 s baseline and 3 repetitions consisting of 12
s stimulation and 18 s baseline condition (TR: 3 s).
Paradigm 2: 15 sec baseline and three repetitions consist-
ing of 9 sec stimulation and 21 sec baseline condition (TR 3
sec),

Paradigm 3: 7 sec baseline condition, 7 sec stimulation, 13
sec baseline condition, 7 sec stimulation, and 8 sec base-
line condition (in this experiment only eight echos were
acquired; TR 1 sec).

Paradigm 4: 9 sec baseline and two repetitions consisting
of 6 sec stimulation and 9 sec baseline condition (TR 1.5
sec).

Paradigm 5 (repeated 3 times on subject 2): 6 sec baseline
and two repetitions consisting of 3 sec stimulation and 7
sec baseline condition (TR 1 sec).

For comparison, the same paradigms were measured
with conventional EPI (TE 66 msec) using the same image
resolution, TR, and readout bandwidth.

Data Processing

Turbo-PEPSI magnitude images for each echo time were
reconstructed online. Data analysis was performed offline
using either exponential fitting (Theory, section 3) or linear
summation in the echo time domain (Theory, section 1),
followed by correlation analysis in the measurement time
domain to assess functional activation. Alternatively, corre-
lation analysis was performed for each echo time sepa-
rately, and the resulting correlation maps were averaged
(Theory, section 4).

For quantitative relaxation mapping an exponential func-
tion:

S=S,e 1T [22)

was fitted to the magnitude of the FID data of each voxel
using the conjugate gradient method (20). Parametric im-
ages of TF and initial signal magnitude S, were computed
from voxels where the signal intensity at the first echo time
exceeded a threshold of 10% of the maximum signal
amplitude. In the remainder of the voxels these parameters
were set to zero.

Linear summation of turbo-PEPSI magnitude images
obtained at different echo times was performed for differ-
ent ranges of echo times to assess the degree of sensitivity
enhancement compared with a conventional EPI and with
the magnitude image of the fourth turbo-PEPSI echo (which
corresponds to the EP] measurement and thus provides
maximum BOLD-contrast). The following ranges of summa-
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tion were employed: echoes 4-5, echoes 3-6, echoes 1-8,
echoes 1-10, and echoes 1-12. .

Images were analyzed for evidence of gross motion
artifacts using a cine loop. To assess more subtle motion
artifacts, images were analyzed for spurious activation at
tissue edges along the perimeter of the brain, None of the
above were detectable in this study. Functional activation
was assessed by cross-correlation with a boxcar reference
vector delayed by 3 sec using the Stimulate software
package (21).

Two regions of interest (ROIs) were drawn manually
according to the brain atlas of Tallairach and Tourneaux
(22). The first ROI encompassed primary visual cortex (BA
17) and adjacent extrastriate areas (BA18). The second ROI
contained a nonactivated region in frontal cortex (BA 9, BA
10).

For all seven stimulation experiments, the means and
standard deviations of the correlation coefficients in ROI1
were obtained as a function of the range of summed up
echoes, for T -mapping and for EPL. The means from ROI1
were transformed to the Fisher z-value:

L

z= Eln [23]

which is expected to be approximately Gaussian distrib-
uted (20). The statistical significance of changes in z
transformed mean correlation coefficients in ROII relative
to the fourth turbo-PEPSI echo was assessed as a function
of the range of summed up echoes, for T3 -mapping and for
EPI using a paired two-tailed t-test. In addition, the extent
of visual activation was measured as a function of the range
of summed up echoes, for T3-mapping and for EPI by
counting the number of voxels in which the correlation
threshold exceeded 0.7. The statistical significance of
changes in extent of visual activation relative to the fourth
turbo-PEPSI echo was assessed as a function of the range of
summed up echoes, for T3-mapping and for EPI using a
paired two-tailed -test.

To compare the specificity and sensitivity of turbo-PEPSI
data summed up over 12 echos with EPI, the distributions
of correlation coefficients in ROI1 and ROI2 from one of the
experiments (subject 1, paradigm1) were compared using a
Wilcoxon signed rank test. To characterize noise in this
experiment, the standard deviation of the signal in indi-
vidual pixels in ROIZ and outside of the brain was mea-
sured in the domain of the repetition time as a function of
echo time. For spatially uniform white Gaussian noise in
magnitude images, it is expected that the standard devia-
tion inside the brain is 66% larger than outside the brain
due to the computation of the magnitude.

RESULTS

Functional signal changes in response to visual stimula-
tion, which were detectable in all experiments, increased
in amplitude and in extent with increasing stimulus dura-
tion. Using a stimulus duration between 7 and 12 sec
(paradigms 1-3), extensive areas of activation encompass-
ing primary visual cortex (V1) and adjacent extrastriate
areas were measured. When comparing EPI and turbo-
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FIG. 4. Typical turbo-PEPSI correlation maps of visual activation obtained at 12 consecutive echo times ranging from 12 to 213 msec. Results
from the second of the four measured slices (see Fig. 5) are shown (TR 3 sec, voxel size 3 X 6 X 6 mm?, correlation threshold 0.4). Activation
can be detected at all echo times. Maximum sensitivity is obtained at the fourth and fifth echo times.

PEPSI images obtained at a TE of 72.5 msec (fourth echo),
very similar patterns of activation were detected. The
observed changes in functional signal amplitude measured
with turbo-PEPSI ranged from 3 to 20% depending on the
echo time, on the anatomical location, and on the para-
digm. As expected, the strength and extent of the activation
measured with turbo-PEPSI as a function of echo time had

a broad maximum in the vicinity of TE =~ T#, but smaller
signal changes could be detected at echo times as early as
12 msec and as late as 213 msec (Fig. 4).

The standard deviations of signal fluctuations in indi-
vidual pixels in ROI2 in frontal cortex measured at differ-
ent echo times did not significantly depend on echo time,
consistent with our assumption that white noise domi-

FIG. 5. Averaging turbo-PEPSI correlation maps obtained at 12 different echo times (b) enhances functional sensitivity compared with EPI (a)
by reducing correlation noise (same data set as in Fig. 4, correlation threshold: 0.2). Vertical stripes in the EPI image are due to phase

correction errors in that measurement.
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nated signal fluctuations in our data. The standard devia-
tions in frontal cortex were about 58% larger than those
measured in pixels outside of the brain, consistent with
our estimate for white Gaussian noise described above.

To demonstrate the sensitivity enhancement achievable
with multiecho sampling, Fig. 5 displays a comparison
between EPI and the average of the turbo-PEPSI correlation
maps obtained at different echo times. The strong reduc-
tion of the correlation noise in the averaged map clearly
improves the delineation of the activated area.

Using echo summation, the mean correlation coeffi-
cients over ROI1 in visual cortex and the spatial extent of
activation increased strongly with increasing number of
summed up echoes (Fig. 6). For paradigms 1-3, images
summed up over the whole range of echo times displayed
similar mean correlation coefficients and extents of areas
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FIG. 6. Comparison of mean cross-correlation coefficients (£) in a
manually defined ROl in visual cortex (a) and extent of activation (b)
(number of activated pixels in visual cortex and adjacent areas with a
minimum correlation threshold of 0.7) obtained with EPI, with turbo-
PEPSI for different ranges of summed-up echo times (TP4 ..
TP1-12), and by using the T2 maps from the same turbo-PEPS| data
[TP(T2)]. Seven measurements were obtained in three subjects
(S1-S3) using visual stimulation paradigms (P1-P5) with different
stimulus duration (decreasing from P1 to P5) to assess the robust-
ness of the technique for different stimulation conditions. The mean
correlation coefficients and the extent of activation increase strongly
with the number of summed up echoes and the duration of the
stimulus (P5-P1). The lines are plotted as a guide to the eye.
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of activation as Tj-images obtained with curve fitting
(Figs. 6, 7). However, our least squares fitting seemed to be
less robust than echo summation for the smaller T,
changes associated with paradigms 4 and 5, resulting in
smaller extents of activation and mean correlation cocffi-
cients. In all experiments, S, images showed only minor
activation-related signal changes, even at a TR of 1 sec,
suggesting that inflow effects were small.

Table 1 summarizes the data shown in Fig. 6. The
increase in z-transformed mean correlation coefficient in
visual cortex with echo summation was statistically signifi-
cant (P < 0.002) for all ranges of summed up echoes. The
increase in extent of activation was statistically significant
(P < 0.05) for all ranges of summed up echoes. The major
gain in sensitivity was obtained when summing up eight
echoes. Extending the range of summation to later echoes
resulted in smaller increases, which indicates that the gain
in sensitivity reaches a maximum. This dependence on the
number of summed up echoes is consistent with the shape
of the corresponding theoretical CNR curve shown in Fig.
2, which for our measurement parameters reaches its
maximum at 12 echoes. By contrast, when averaged over
all experiments, Ty -mapping does not significantly in-
crease the mean correlation coefficient and the extent of
activation compared with the fourth echo image (P > 0.1).
This is due to the small mean correlation coefficients and
extents of activation obtained with paradigms 4 and 5. As
expected, EPI yields results that are not significantly
different from those of the fourth echo image (P> 0.1).

When comparing the specificity and sensitivity of turbo-
PEPSI data summed up over 12 echoes with EPI, correla-
tion coefficients in ROI1 were significantly larger with
turbo-PEPSI than with EPI (P < 0.001). In contrast, no
statistically significant difference in the reference ROIZ in
frontal cortex (P < 0.5) were observed, indicating that there
were no differences in the false-positive rate.

DISCUSSION

In this study, a statistically significant increase in func-
tional sensitivity was demonstrated in vivo by combining
functional EPT data obtained in a single shot at multiple
echo times. Our analytical theory, which is based on the
assumption that white noise dominates functional signal
fluctuations, provides a quantitative comparison of the
expected gain in sensitivity for different ranges of com-
bined echoes and for different data-processing methods. As
shown above, our in vivo data are consistent with this
assumption. A qualitative agreement was shown between
the experimentally determined gain in sensitivity with
increasing range of summed echoes and the theory that
predicts a maximum in sensitivity when summing echo
times up to 3.2 T7. The gain in sensitivity compared with
conventional single-echo EPI techniques increases with
decreasing duration of the image encoding time At (increas-
ing receiver bandwidth), since this increases the number of
echoes that can be acquired. Conversely, when significant
relaxation occurs during image encoding (e.g., very high
spatial resolution single-shot EPI), a multiecho acquisition
may be less advantageous. Several computationally effi-
cient methods to combine data were assessed. Summation
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FIG. 7. Typical turbo-PEPSI correlation maps demoanstrating similar extent of activation obtained by fitting (a) and by echo summation (b)

(correlation threshold 0.4; same data sets asin Figs. 4 and 5).

of magnitude images obtained at different echo times was
shown to be more robust than our curve fitting. However,
curve fitting remains advantageous, since it permits quanti-
tation of functional relaxation time changes and distine-
tion from changes in initial signal amplitude.

Thermal noise becomes an important source of signal
fluctuations at clinical field strengths when high receiver
bandwidths and/or high spatial resolutions are employed.
The former is advantageous to reduce susceptibility-
related image distortions and ghosting associated with the
EPI technique. Although lower readout bandwidths in
combination with post-processing methods to compensate
for the resulting image artifacts can be used to reduce
thermal noise, significant relaxation distortions of the
point-spread function that are difficult to compensate (23)
remain. Our multiecho approach encourages the use of

high receiver bandwidths without sacrificing functional
sensitivity. The ability to distinguish changes in initial
signal intensity from changes in relaxation makes single-
shot multiecho sampling particularly advantageous for
electrocardiographic (ECG)-gated fMRI (24-26), which is
sensitive to heart-rate related fluctuations in steady-state
magnetization. Tt

A disadvantage of the technique is the increased measure-
ment time per slice, which is approximately doubled with
respect to conventional EPI. Further disadvantages include
increased demands on the gradient hardware, increased
eddy current effects, increased gradient noise, and possible
peripheral nerve stimulation effects. Neither significant
eddy current effects nor stimulation effects were experi-
enced in this study. When scanning large volumes, mul-
tiecho sampling should preferentially be combined with

Table 1
Sensitivity Comparison Between Turbo-PEPS| Using Different Data Analysis Methods and EPI1*
z-traFr::?:rL*le d Relative increase of z(£) Nbs. i aistivatod Relative increase of N
Method?® : with respect to TP4 Pvalue® : g with respect to TP4 Pvalue®
correlation coefficient [% (SD}] pixels (N) (SD) (% (SD)]
z(£)* (SD)

TP4 0.24 (0.10) 46 (41)
TP4-5 0.26 (0.10) 9(7) 0.0008 45 (40) -3 (13) 0.0442
TP3-6 0.32 (0.12) 38 (14) 0.0003 97 (78) 176 (156) 0.0118
TP1-8 0.35 (0.11) 51 (26) 0.0007 116 (78) 286 (243) 0.0048
TP1-10 0.33 (0.10) 57 (25) 0.0020 99 (69) 295 (223) 0.0063
TP1-12 0.34 (0.11) 60 (24) 0.0017 101 (71) 304 (240) 0.0082
TP(T%) 0.28 (0.21) 6 (44) 0.3272 96 (107) 97 (161) 0.0988
EPI 0.23 (0.10) -6 (26) 0.2676 33(39) —41 (40) 0.1168

‘Results are the average of seven experiments (see Materials and Methods and Fig. 6). SD, standard deviation.
TP, turbo-PEPSI; TP4, . . ., TP1-12, range of summed-up echoes; TP(T3), T map; EPI, conventional echoplanar imaging.

bz-Transformed mean correlation coefficient in ROl in visual cortex.

“Stalistical significance of changes in z(£) given in the second column with respect to TP4 using a paired lwo-tailed test.
dNumber of activated pixels in visual cortex and adjacent areas with a minimum correlation threshold of 0.7,
8Slatistical significance of changes in N given in the fifth column with respect to TP4 using a paired two-tailed t-test.
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phase encoding in the third spatial dimension, since this
approach provides a better signal-to-noise ratio per unit
time than multislice techniques.

The optimization approach developed in thxs paper has
important implications for comparing functional sensitiv-
ity at different magnetic field strengths and between re-
gions with different T3 values. Using the same single-echo
acquisition technique at different field strengths may not
be optimal according to our findings. For increasing T3
values [decreasing magnetic field strength (8)] an increas-
ing number of echo times should be measured, to obtain
optimum sensitivity (assuming equal gradient perfor-
mance at different field strengths). However, advantages at
higher magnetic field strengths remain, since the shorter
T; values require fewer echo times to be measured,
enabling enhanced functional time resolution (finer sam-
pling in the repetition time domain or more slices per unit
time) compared with lower magnetic field strengths. In
regions having different magnetic field inhomogeneities,
multiecho sampling allows selection of optimum data-
processing parameters in each region to maximize func-
tional sensitivity.

The methodological approach and supporting theory
developed here are also applicable to phase-encoded spec-
troscopic imaging, such as PEPSI, and to conventional
gradient-echo techniques, which are typically measured
with low-readout bandwidths, thus sampling a significant
part of the relaxation curve, This explains why conven-
tional low-bandwidth gradient-echo techniques compare
favorably with EPI in terms of functional sensitivity.
However, such techniques are sensitive to phase-encoding
artifacts due to head motion and physiological variability.
Our own experience with PEPSI indicates that single-shot
spectroscopic imaging techniques are more robust than
multishot techniques (9).

Considerable progress with modeling the BOLD-contrast
signal relaxation using Monte Carlo simulations and ana-
lytical approaches (27-34) has stimulated the development
of methodology to quantitate functional signal changes in
terms of physiological parameters, such as blood flow,
blood volume, and blood oxygenation. Recently, it has
been suggested that measuring the entire relaxation curve
may allow quantitation of biophysical parameters such as
the blood volume fraction and blood oxygenation (31).
High-speed spectroscopic imaging offers a sensitive and
robust approach for quantitating functional changes in T7
with high temporal resolution. The choice between phase-
encaded techniques such as PEPSI and single-shot tech-
niques such as turbo-PEPSI allows flexible tradeoffs be-
tween temporal resolution in the measurement repetition-
time domain and in the echo-time domain.

The gain in sensitivity with multiecho sampling is
particularly advantageous for the small signal changes seen
in single-event-related fMRI and for real-time tMRI, which
is currently under development in our laboratory (35-37).
The possibility of summing up echo signals facilitates
on-the-fly processing in real-time, which is not feasible
with fitting. We are currently using this approach to map
brain activity in single-trial experiments in real time.
Although echo summation yields qualitative functional
maps, it is robust even for small changes in T3 and thus
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provides information that is supplementary to that ob-
tained by fitting.

In conclusion, maximum functional sensitivity at any
magnetic field strength and for regional variations in
magnetic field inhomogeneity can be achieved by mul-
tiecho sampling of relaxation signals. Single-shot spectro-
scopic imaging techniques, such as turbo-PEPSI, offer a
data acquisition speed comparable to that of conventional
EPI, as well as several distinct advantages: increased
functional sensitivity, absolute quantification of changes in
T3 and initial signal intensity, and reduced image distor-
tions.
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