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Abstract

In this work we present a method for improving the speed of spin–spin relaxation time (T2) measurements for compartmental
analysis in stimulated echo localized magnetic resonance spectroscopy without reducing the sampling density. The technique uses
a progressive repetition time (TR) to compensate for echo time (TE) dependent variations in saturation effects that would otherwise
modulate the received signal at short TRs. The method was validated in T2 studies on 10 young healthy subjects in spectroscopic
voxels localized along either the right or left Sylvian fissure (2 · 2 · 1.5 cm3, 10 ms mixing time (TM), 2048 data points, 819.2 ms
acquisition time). The TR was automatically adjusted so that TR–TM–TE/2 was kept constant as the TE was incremented. Com-
pared to long TR T2 experiments, the progressive TR technique consistently replicated the T2 relaxation times and reference signals
of the tissue water compartment while reducing the data acquisition time by more than 50%. The percent error was on average less
than 2% for estimates of T2 and S0 for the tissue water, an indication that the progressive TR technique is a useful method for deter-
mining the tissue water signal for internal referencing.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Voxel segmentation is an integral part of the quan-
titation process of single-voxel in vivo 1H magnetic
resonance spectroscopy (1H MRS) [1–3]. In 1H MR
brain spectroscopy, internal and external referencing
schemes use spin–spin relaxometry to separate the vol-
ume contributions of tissue water and cerebral spinal
fluid (CSF) in a localized volume-of-interest (VOI) to
obtain a referencing signal for the calculation of the
metabolite concentrations [1–7]. In internal schemes,
the tissue water component serves as a reference, while
in external schemes the CSF component serves as a
measure of CSF partial volume. In the latter case,
the CSF component is referenced to an external stan-
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dard to calculate the tissue volume within the VOI.
The presence of both CSF and tissue water within
the VOI require a moderate-to-high sampling density
to accurately separate the differential relaxation effects
of the water compartments. In addition, the long spin–
lattice relaxation time (T1) of CSF typically requires
long repetition times to minimize the effects of magne-
tization saturation on the spin–spin relaxation time
(T2) measurements. These conditions necessitate sparse
sampling of the T2 curve in clinical examinations to
minimize patient scan times. Minimal sampling
schemes have poor precision and accuracy [8]. In this
work, we present a time efficient relaxation measure-
ment technique that uses a variable repetition time
(TR) and the acquisition of multiple relaxation curves
to reduce the scan time for a stimulated echo
(STEAM) spectroscopic T2 experiment while preserv-
ing a high sampling density.
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2. Materials and methods

2.1. A progressive repetition time

A common method for measuring T2 in in vivo 1H
MRS is the repetitive single-echo technique, where the
TR is sufficiently long to allow the longitudinal magne-
tization to fully recovery between repetitions [9]. We will
henceforth refer to this method as the fully relaxed T2

technique. The technique yields a signal SXY from the
transverse magnetization that varies as a function of
the echo time (TE) as:

SXY ðTEnÞ ¼
XM
m¼1

S0 m exp � TEn

T 2 m

� �
; ð1Þ

where the summation allows for M different relaxation
compartments with various signal contributions S0_m.
In the spectroscopic brain model, M is generally re-
stricted to two, CSF and tissue water [1–7]. If the TR
is less than five times the T1 of CSF, then Eq. (1) must
be modified to include T1 saturation effects. For the
STEAM sequence, this inclusion yields the familiar
equation (Fig. 1) [10–13]:
Fig. 1. Schematic of the stimulated echo localization sequence. The
mixing time (TM) and delay time (TD) are kept constant throughout
each progressive TR experiment. The time interval between the sets of
concatenated gradients (positioned before and after the TM period) is
kept constant as the TE increases to minimize TM-dependent
diffusion-weighting. The concatenation of the refocusing gradient of
the first slice-select gradient with the TE spoiler gradient is removed
after the dead time during the first TE/2 interval becomes equal to or
longer than the length of the RF pulse. This procedure minimizes the
diffusion effects from the first slice-select gradient, especially at long
echo times, since the rephasing gradient can be applied immediately
following slice selection at long echo times.
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where TDn = TRn � TM � TEn/2, and the intervals for
TR, TM, and TE/2 are defined in Fig. 1. If Eq. (2) is to
be employed for T2 measurements in a similar fashion as
Eq. (1), then the following three conditions must be sat-
isfied: (i) TMmust be kept constant, (ii) diffusion-related
signal attenuation must also be constant or negligible
[14], and (iii) the focus of this work, TD must be kept
constant by progressively changing the TR with the
TE so that saturation effects are also kept constant.
Thus representative T2 curves of Eqs. (1) and (2) will dif-
fer in intensity but not in decay rate.

Compared to the fully relaxed T2 technique, a relax-
ometry experiment with a short and progressive TR will
yield estimates of the T2 and T1_weighted S0_m values.
To obtain the true reference S0_m values needed in
metabolite concentration calculations, two progressive
TR relaxometry experiments with different TD values
must be performed so that Eq. (2) can be employed.
Although this requires two sets of data, because the min-
imum TR for a fully relaxed T2 experiment in the brain
is 9 s or greater, T2 experiments with a progressive TR
can be performed considerably faster.
2.2. Relaxometry experiments

To validate the progressive TR technique, spectro-
scopic relaxometry data were collected from 10 healthy
young volunteers using STEAM (4 men/6 women, mean
age: 23.5 ± 3.9 years, range: 18–33 years). All experi-
ments were performed on a 1.5 T Magnetom Sonata
whole-body MRI system (Siemens Medical Systems, Ise-
lin, NJ) using a standard Siemens circularly polarized
proton head coil. Human studies were performed under
protocols approved by the institutional review board
and with the signed and informed consent of each par-
ticipant. Each participant underwent a fully relaxed T2

experiment with TM/TR = 10 ms/11 s, a homospoil sat-
uration recovery (HSR) T1 experiment [15], two progres-
sive TR T2 experiments (Table 1), and then a repeat of
the fully relaxed T2 experiment, in that order. The sec-
ond fully relaxed T2 data were collected to determine
whether a participant had significantly moved during
the scan.

The HSR sequence was created by inserting a var-
iable delay time between a three-pulse frequency-selec-
tive water suppression preparation sequence and the
first slice-selective RF pulse in the STEAM sequence.
The progressive TR T2 sequence was created by
inserting variable delay times in the TE/2 periods
and at the end of the sequence. The variable delay



Table 1
Echo times, repetition times, and delays time for the STEAM
relaxometry studies

TE (ms) TR (ms) TD (ms)

Study I

10.0 1615.0 1600.0
14.0 1617.0 1600.0
20.0 1620.0 1600.0
27.0 1623.5 1600.0
38.0 1629.0 1600.0
53.0 1636.5 1600.0
74.0 1647.0 1600.0
104.0 1662.0 1600.0
145.0 1682.5 1600.0
202.0 1711.0 1600.0
282.0 1751.0 1600.0
394.0 1807.0 1600.0
551.0 1885.5 1600.0
769.0 1994.5 1600.0
1074.0 2147.0 1600.0
1500.0 2360.0 1600.0

Study II

10.0 3215.0 3200.0
12.0 3216.0 3200.0
17.0 3218.5 3200.0
23.0 3221.5 3200.0
32.0 3226.0 3200.0
45.0 3232.5 3200.0
63.0 3241.5 3200.0
88.0 3254.0 3200.0
122.0 3271.0 3200.0
171.0 3295.5 3200.0
239.0 3329.5 3200.0
334.0 3377.0 3200.0
466.0 3443.0 3200.0
651.0 3535.5 3200.0
909.0 3664.5 3200.0
1500.0 3960.0 3200.0

The TM was fixed at 10 ms for all experiments. The progressive TR
experiments were done in two stages: first with the TE and TR values
in Study I, and then with the TE and TR values in Study II. The TE
values in the fully relaxed experiments were the same as in Study I but
with an 11 s TR.
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at the end of the sequence was automatically adjusted
to keep the TD constant relative to the initial values
for TRs of 1615 and 3215 ms, and a 10 ms TE. The
weakest four signals in each of the relaxometry exper-
iments were averaged four times to improve the sig-
nal-to-noise ratio (SNR) at long echo times in the
T2 experiments and at short recovery periods in the
HSR experiments.

Localized voxels were prescribed from three orthogo-
nal sets of multi-slice T1-weighted gradient-echo images
(TE = 4.5 ms, TR: 395–510 ms, 192 · 256 matrix, 87�
flip angle, and 4 mm thick slices). A 2 · 2 · 1.5 cm3 stim-
ulated echo localized voxel was placed along either the
left (7 studies) or right (3 studies) Sylvian fissure. The
TM was fixed at 10 ms, while the TR and TE varied
as necessitated by the various relaxometry experiments.
The TE, TR, and TD values for the T2 experiments are
listed in Table 1. Eight preparatory pulses were applied
at the beginning of the progressive TR studies and dur-
ing the transition between different TD values to ensure
steady-state conditions, especially at the margins of the
VOI where the flip angles are smaller than 90�. Data
sampling consisted of 2K complex data points acquired
within an 819.2 ms acquisition window. With an 11 s TR
and four prep pulses, each fully relaxed T2 experiment
required 5 min and 40 s. The HSR T1 experiment re-
quired an additional 1 min and 30 s. In comparison,
the total time for the progressive TR T2 experiments
was only 2 min and 46 s, representing a 59% reduction
in time.

2.3. Data processing and analysis

All HSR T1 data and fully relaxed T2 data were
processed as previously reported [16]. Each spectrum
was phase corrected, zero-filled to 8K, and fit in the
time-domain assuming a superposition of multiple
water peaks. The fully relaxed T2 data were fit with
a bi-exponential model, the parameters extracted and
employed in a constrained bi-exponential T1 model
for fits to the HSR data. The data from the progres-
sive TR T2 experiments were fit with the six-parameter
model of Eq. (2) using a Marquardt–Levenberg non-
linear regression algorithm provided in Sigma Plot
(SPSS, Chicago, IL, USA). Using the averaged results
of the fully relaxed T2 calculations as the reference, the
T1 was calculated for the HSR experiment from the
constrained T1 relaxation model. Results from each
fit yielded signal estimates for the tissue water (S0_tis)
and CSF (S0_CSF) as well as estimates for their respec-
tive T2 and T1 values: T2_tis, T2_CSF, T1_tis, and T1_CSF.
For comparison with the results from the progressive
TR T2 experiment, the results from the two fully re-
laxed T2 experiments were averaged to minimize differ-
ences from subject self-repositioning. We calculated
the relative error, |x � xref|/xref, for T1, T2, and for
the CSF and tissue signals from the progressive TR
T2 experiments using the fitted parameters from the
fully relaxed T2 experiments and the HSR T1 experi-
ment as references, xref. To assess patient motion, we
compared the T2 and signal estimates for the CSF
and tissue water from the two fully relaxed T2 experi-
ments by examining the relative difference, |x1 � x2|/
((x1 + x2)/2).
3. Results

Fig. 2 shows typical relaxation curves from a fully
relaxed (A) and progressive TR ((B) TD = 1.6 s, (C)
TD = 3.2 s) T2 experiments. The SNR is excellent
throughout the entire data sets. Compared to the fully



Fig. 2. Representations of T2 curves from fully relaxed (TR = 11 s (A)) and progressive TR (TD = 1.6 s (B) and TD = 3.2 s (C)) studies show the
relative signal intensity differences between the three curves.The (m) represents the data points, the (–––) represents the overall fit from the model, the
(———) represents the tissue component of the fit, and the (ÆÆÆÆ) the CSF component.
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relaxed T2 study, the maximum signal in the progres-
sive TR T2 experiment is reduced by approximately
30% when TD = 1.6 s, and only 6% when TD = 3.2 s.
Compared to the fully relaxed study, when
TD = 1.6 s the tissue signal is reduced by over 18%,
but by only 3% when TD = 3.2 s. In comparison, the
CSF signal is reduced by nearly 67% when
TD = 1.6 s, and 36% when TD = 3.2 s. The CSF sig-
nals are strongly saturated even at the longer TD
acquisitions. Thus, very long TR values are required
in fully relaxed T2 studies to avoid variable saturation
effects of CSF on the overall water signal.

Fig. 3A shows the relative percent difference for S0_tis

and T2_tis estimates between the two fully relaxed T2

experiments. The average difference was only 1.9% for
S0_tis and 4.2% for T2_tis. This precision suggests that
most subjects moved slightly during the time from the
first to the last scan of their relaxometry study and val-
idates averaging the two data sets to create the reference
for comparing the progressive TR data.

Figs. 3A–C show the differences between the fully re-
laxed studies and the progressive TR studies. The pro-
gressive TR T2 experiments consistently replicate the
results of the fully relaxed T2 experiments for the tissue.
Individual differences for S0_tis and T2_tis are on average
less than 2%. In comparison, the tissue T1 error is signif-
icantly larger with a mean percentage error of almost
10%. The average errors for the CSF parameters are
much larger than those of the tissue, ranging from a
low of only 8% for the T2_CSF estimate, to nearly 12%
for S0_csf, and a high of 54% for T1_CSF. The constrained
T1 technique sometimes yields unrealistically high esti-
mates for T1_CSF with values as high as 9 s long. With
none of the T1_CSF values over 5 s long, the progressive
saturation technique yields more appropriate values and
can thus be regarded as more reliable. Since no HSR T1

data were acquired in conjunction with the second fully
relaxed T2 experiments, T1 values were only calculated
with the data from the first fully relaxed T2 experiment
in each data set.
4. Discussion

In spectroscopic T2 segmentation methods, appropri-
ate sampling of the relaxation curve can significantly
add to the total experiment time, accounting for as
much as 30–50% of the total acquisition time. The pro-
gressive TR T2 technique provides a fast method for
measuring T2. The technique cannot compare in speed
to a fast spin–echo sequence (CPMG [9,17]) but is con-
siderably faster than the fully relaxed T2 measurement
technique. The method takes advantage of the intrinsi-
cally high SNR of the water peak in single-voxel spec-
troscopy. With spectroscopic voxels ranging in size
from 4 to 8 cm3, the typical spectroscopy voxel is over
a thousand times greater than the typical image voxel.
Thus, even at echo times over 1 s, the spectroscopic
water signal does not require averaging.

Compared to a fully relaxed T2 experiment, the pro-
gressive TR experiment implemented in this study yields
not only estimates of T2 and S0, but T1 as well. Since the
progressive TR experiment was employed as a two-point
T1 measurement, the T1 dependence for each compart-
ment must be modelled by a single exponential. The
T1 sensitivity of the progressive TR technique is limited
by the same factors as the standard progressive satura-
tion T1 technique [18]. The minimum measurable T1 is
approximately one-fourth of the minimum delay time,
in this case 1600/4 or 400 ms, which is well below the ob-
served T1 in brain tissue. The longitudinal magnetiza-
tion for any T1 species below this threshold would
almost completely recover between excitations (98%
Mz) and yield very little T1 contrast between the two
T2 curves. T1 values of the tissue water and CSF voxel
compartments in the human brain are longer than
400 ms. Over a T1 range of 400 ms to 2.5 s, the T1-de-
pendent signal difference between the T2 acquisitions
can vary from a low of only 2% to a high of over
50%, respectively. Compared to inversion recovery and
saturation recovery T1 methods, progressive saturation
recovery has a smaller dynamic range that can signifi-



Fig. 3. Box-and-whisker plots show the relative differences between
estimates from the two fully relaxed T2 studies (represented by T2_12)
and between the fully relaxed T2 studies and the progressive TR studies
(represented by T2R). The relative differences between the two fully
relaxed studies are consistently greater than those between the fully
relaxed studies and progressive TR studies; a strong indication that
many subjects had moved during the studies. On average the relative
differences were smallest for the tissue estimates (A) and largest for the
CSF (B). T1 values for both the fully relaxed and progressive TR
experiments differed greatly, especially for T1_CSF with a percent
difference greater than 100% (C). Since the HSR experiment was not
repeated, no comparisons could be made regarding the effects of
patient motion on T1.
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cantly reduce the accuracy and precision of the method
[19]. However, contrary to prediction, our progressive
TR method shows a better precision than the HSR
method. Although additional work is needed to fully
understand this phenomenon, we suspect that the im-
proved precision is due to better separation of the
CSF and tissue water signal contributions in the bi-ex-
ponential model. For a monoexponential model, the
greater dynamic range of the HSR technique would
likely improve precision, compared to a progressive sat-
uration technique.

Because the progressive TR technique is very precise
in reproducing the tissue parameters, this method would
be excellent for use in internal water referencing in quan-
titative brain spectroscopy. This is particularly relevant
for receive only coils, where differences in the excitation
and reception magnetic fields do not allow a straightfor-
ward application of the principle of reciprocity [20]. In
this situation, the detected signals must be compared
to an external reference signal for absolute quantitation.
5. Conclusions

We have presented a relaxometry technique that uses
a progressive TR to reduce the acquisition time of the
STEAM T2 experiment. The method allows a high sam-
pling density to improve separation of the CSF and tis-
sue water compartments that constitute the total water
signal in localized spectroscopic voxels in the cerebrum.
The progressive TR relaxometry technique might be
especially useful for obtaining the T2 relaxation esti-
mates of the tissue compartment for use in internal
water referencing schemes.
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