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A time-efficient method for combined T; and T, measurement

in magnetic resonance imaging: Evaluation for
multiparameter tissue characterization

Manfred Eis and Mathias Hoehn-Berlage*

Department of Experimental Neurology, Max-Planck-Institute for Neurological Research, Kéln, Germany

A new magnetic resonance imaging high-resolution sequence is presented that allows for the
collection of all data for determination of T; and p as well as for multiexponential T, analysis within
one measurement cycle.

Noise preprocessing is performed in order to avoid systematic errors in relaxation parameter
analysis and to increase the interexperimental reproducibility of the results. For T, analysis, an
optimized Marquardt algorithm is used, in combination with image processing methods for both
automatic detection of voxels with partial volume effects, and for speedup of the iterative nonlinear
regression steps. Determination of longitudinal relaxation time is based on a sophisticated signal
intensity ratio technique that computes T; as the mean of up to eight individual Ty values, each
weighted with its relative T, decay. Relative proton density is computed using results of the
evaluations of both relaxation times. Validation of the method is accomplished by comparing
phantom measurements with reference data acquired with spectroscopic sequences. In vivo
examples of the computed parameter images taken from a study of experimental cerebral infarcts in
rats are presented.

The method allows one to acquire high-resolution parameter images within a measurement time
that is tolerable even in clinical routine. Furthermore, the chosen evaluation concepts guarantee a
short computation time. Therefore, an on-line computation of the parameter images and, in
consequence, their direct use for diagnostic purposes appears feasible.

Keywords: MR imaging, relaxation times, proton density, double delay multiecho, high resolution

parameter images, tissue characterization.

INTRODUCTION

In 1971 Damadian [1] observed a distinct difference in
T, proton relaxation time between normal and cancer-
ous tissues. Therefore, the application of relaxation
measurements for diagnostic purposes gained much
attention, leading to a large number of relaxation
studies on in vitro tissue specimens. In a high number
of cases, these investigations showed reliable tissue
discrimination based on T; and/or T, relaxation time
values (for comprehensive reviews, see Refs. 2-4).
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Clinical diagnosis with magnetic resonance imaging
(MRI) relies on Tj-, T5- and proton-density-weighted
images expressing changes in parameters only in a
qualitative way. Therefore, the successful in vitro tissue
discrimination with MR relaxometry motivated sev-
eral scientists to measure relaxation times and proton
density in vivo in order to obtain a set of physical
parameters for a quantitative tissue description, which
considerably expands the potentials of MRIL

In order to optimize this tissue characterization
approach, as many parameters as possible must be
measured with both high precision and reproducibil-
ity. There is also a need to preserve high spatial
resolution without compromising measurement time.
Most previous studies have used multiecho experi-
ments for assessment of transversal relaxation param-
eters [5-9], and standard saturation recovery (SR)
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[10-12], inversion recovery (IR) [13, 14], mixed SR/IR
[15-17], IR multiecho [18] or multipoint partial satura-
tion [8] methods for measurement of T;. These time-
consuming approaches can be sped up by the use of
one-shot versions of the standard methods [19-21].
Alternatively, if reduced spatial resolution is accept-
able, high-speed sequences such as IR Snapshot FLASH
(Fast Low Angle Shot) [22-24] and Look-Locker-EP1
(Echo Planar Imaging) [25, 26] have been used. Re-
cently, even the acquisition of high-resolution images
using Snapshot FLASH has been reported [27]. Never-
theless, so far only very few reports exist on methods
allowing the measurement of both relaxation times
using just one single sequence [6, 7, 18, 28, 29].

Here we describe the development of an imaging
pulse sequence allowing the combination of seem-
ingly opposing requirements: high-resolution quanti-
tative images of Ty, the proton density p, multiexponen-
tially analyzed T,, a measurement time that is tolerable
even in the clinical routine, and full practical versatil-
ity (e.g., multislice imaging, oblique slices, no special
adjustment procedures). For multiexponential T, relax-
ation analysis, Marquardt’s algorithm [30] was modi-
fied and combined with image processing methods for
both automatic detection of partial volume voxels and
speedup of the iterative nonlinear regression steps
[31, 32]. A known formalism for the description of
echo signal amplitudes of multiecho trains [33] was
adapted to the specific conditions of our sequence
(two echo trains). Using this formalism and informa-
tion available from the T, analysis, an extremely fast
algorithm for precise and robust determination of T;
and p [29] was applied. For validation, a relaxation
phantom was designed and measured exactly with
spectroscopic standard methods. Extensive phantom
measurements were carried out with the imaging
sequence and compared with the reference data.

For demonstration of the quality of the resulting
parameter images, in vivo examples from studies of
experimental cerebral infarcts in rats are presented.

MATERIALS AND METHODS

Imaging sequence

For measurement of both T; and T,, a Carr-Purcell-
Meiboom-Gill (CPMG) [34-36] multislice multiecho
sequence was modified [37, 38] and implemented on a
Bruker Biospec (Bruker, Karlsruhe, Germany) operat-
ing at an induction field of 4.7 T. Basically, the
sequence consisted of a first train of 32 echoes ac-
quired after a long recovery time (typically, TR; = 3000
ms; ATE = 12.7 ms), followed by a second excitation to
obtain a second train of 8 echoes with a short TR time

MAGMA (1994) 2(2)

M. EIS AND M. HOEHN-BERLAGE

(typically, TR, = 600 ms) for each phase-encoding step
(Fig. 1). Strong, constant spoiler gradients were ap-
plied along the slice selection direction in order to
destroy transverse magnetization components remain-
ing after the last echo of each train. Radio frequency
(RF) inhomogeneities of the refocusing pulses were
accounted for by a two-phase-cycling scheme (0°, 180%)
for the two excitation pulses. This phase cycle corre-
sponded to an inherent twofold signal averaging and,
hence, resulted in a good signal-to-noise ratio (S/N).
Several gradient points (four for slice selection and
read-out, each) were experimentally optimized using
the standard multiecho version of the sequence and a
cubic water phantom, while applying image param-
eters (field of view, slice thickness, slice-slice distance)
typically used for in vivo studies. First, the trim points
of the read gradient were adjusted for both miminiza-
tion of stimulated echoes and maximization of first,
second, and third (representative for all consecutive
ones) echo amplitudes. Additionally, phases of these
echoes were intended to be near or equal zero.
Afterward, with these read gradients, slice gradients
were optimized, measuring independently the first,
second, and third echo of eight simultaneously ac-
quired slices. The optimization procedure aimed at
highly uniform signal intensities and echo decays over
eight slices, independently of the slice position as long
as the distance to isocenter of the magnet was below 2
cm.

Multiexponential T, analysis was performed on the
basis of the 32 echoes of the first echo train. T; was
determined from signal intensity ratios of the corre-
sponding first eight echoes of each echo train. The
results of both evaluation stages were utilized to
compute the proton density p.

Phantom measurements

In order to test the proposed method under condi-
tions comparable to the in vivo situation, 16 different
mixtures of H;O, D0, agarose and NiCl, served as
phantom substances mimicking the relaxation behav-
ior of biological tissues [39] at the available field
strength.

For the MRI studies with the sequence described
above, an actively shielded gradient insert (maximum
gradient strength 100 mT/m; rise time <250 ps) and a
homogeneous Alderman-Grant 'H-resonator were
used. To determine the dependence of the evaluated
relaxation parameter values on S/N, RF inhomogene-
ity, field of view and slice thickness, extensive measure-
ments and simulations were carried out [37]. These
results as well as an algorithm to correct for diffusion
effects in relaxation time measurements will be re-
ported elsewhere (Eis and Hoehn-Berlage, manuscript
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Fig. 1. Correctly scaled pulse scheme of the multislice
multiecho pulse sequence used for relaxometry studies.
The sequence consists of 2 echo trains (32 and 8 echoes,
respectively) recorded with different recovery times TRy,
and identical echo delays ATE = 12.7 ms. The two
recovery times are defined as the interval between the
center of the last refocusing pulse of the first {second}
echo train and the excitation pulse of the second (first)

in preparation). To judge the typical accuracy of the
method, the 16 vials of phantom substances were
measured in two groups of 8 vials each, using the
following fixed sequence parameters: TR; = 4000 ms,
TR, = 700 ms, field of view 5.0 cm, slice thickness 10
mm, two signal averagings, image matrix 128 x 256.

Reference data for T; and T, were determined
spectroscopically on our Biospec system, thus eliminat-
ing any dependence of the results on the magnet or
RF hardware.

For spectroscopic T, analysis, 100 echoes were ac-
quired with a CPMG multiecho sequence. In order to
avoid spin locking effects due to extremely short echo
times [40] and to record the same decay interval
covered in the imaging sequence, TE = 4.0 ms was
chosen as equidistant read-out delay. The processing
steps of each spectrum (containing only a single line)
were baseline correction, Fourier transform, magni-
tude calculation and peak picking. RF pulses were
nonselective. To account for eventual RF inhomogene-
ities, a 4-phase-cycling scheme was applied. S/N was
maximized by 16 signal averages (every phase-cycle

8 times

train. Therefore, the time available for longitudinal recov-
ery equals the total time without RF irradiation. (RF: radio
frequency pulses and echo signal; AQ: aquisition of echo;
GS: slice selection gradients; GP: phase-encoding gradi-
ents; GR: read-out gradients; Trim: gradient points to be
optimized for maximal echo signal; Spoiling: crusher
gradients to destroy residual transversal magnetization
before the next excitation pulse is transmitted.)

fourfold). Noisy data points were excluded from the
regression analysis. The influence of diffusion was
found to be negligible: knowing both the field inho-
mogeniety over the probe diameter from determina-
tion of the line widths and the diffusion coefficients of
the phantom substances (which were measured in
parallel), attenuation of the last echo due to diffusion
was calculated to be lower than 1075 [37].

T; measurements were carried out using a spectro-
scopic IR sequence, again using nonselective RF pulses.
Recovery time amounted to at least 5T}; inversion time
Tl was varied nonequidistantly between 10 ms and 10
s, yielding 28 data points. Spectra were processed
identically with the CPMG measurements. To deter-
mine the longitudinal relaxation time from the spectro-
scopic IR data, the three free parameters of the model

4-pop(- 7]
S(T)=|A—B-exp|— 1)

T

were fitted to the data points applying a least squares
criterion. Nonlinear regression analysis algorithms
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were provided by the CERN software package MINUIT
[41] (commands Seek, Simplex, Minimize, Improve,
Minos).

p values resulted from the known mixture ratios.

Data analysis
Data preprocessing: analysis of image background noise

It is well known that in MRI not only electronically
induced noise is present [42, 43]. Additionally, patient-
related noise sources like thermally generated, ran-
domly fluctuating noise currents in the body also
affect image quality. Referring to the two-dimensional
Fourier transform (2DFT), noise is distributed uni-
formly throughout the reconstructed images [42] and
can, therefore, be observed even in the object-free
background of the image {44, 45]. Furthermore, even
very slight patient motions during the acquisition of
the raw data or flow effects result in phase errors,
which induce a band of higher noise values in the
phase-encoding direction [43]. Due to the magnitude

calculation S = /S% + S%, applied to the real part Sk
and the imaginary part S; after 2DFT of the measured
complex signal, each pixel signal S in the image
background is always greater than zero [31, 44, 45].

In the case of a multiecho sequence, this results in
echo trains approaching a positive baseline although
the underlying T, relaxation process causes an asymp-
totic signal decay, i.e., leads to zero intensity at very
long TE times. As a consequence, artificially long T,
components were evaluated if the background noise
was not taken into consideration before multiexponen-
tial T, analysis [31, 46]. For the proposed T; evaluation
scheme, signal intensity ratios computed from noisy
data as well as such overestimation of T, also led to
erroneous results. We, therefore, used an algorithm
for noise preprocessing [31, 46] that computed mean
m,, and standard deviation o, of the background noise
for each of the 40 echo images in a quick and
completely automatic fashion. The image-specific noise
limits NL,, were defined as

NL, = m, + 3¢, (m=1,...,40) @)

Only the signals of the first M pixels that lie above
their noise limit NL,, were used for pixelwise evalua-
tion of the relaxation parameters. Considering the
changing noise levels within a multiecho image se-
quence by use of echo-specific noise limits, the maxi-
mum number of reliable data points was available for
multiexponential T, analysis. In general, systemati-
cally wrong T, and T; values due to noise were
avoided. As an additional benefit, interexperimental
variations of the evaluated relaxation parameters were
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reduced significantly (Eis, Handels, and Hoehn-
Berlage, manuscript in preparation).

Multiexponential T, analysis

In view of the very few reports on longitudinal
multiexponentiality [47-50], monoexponential T; relax-
ation was assumed. Furthermore, neglecting microcir-
culation (diffusion, perfusion), flow and saturation
effects due to the high number of transmitted RF
pulses, the signal equation for a multiecho train is
given by

TR;
S(TR;, TE;) = ¢p [1 — exp (— T ﬂ
1

< TE,
";akexp<-,fz—) (i=1,2%j=1,....,32) (3
= %

where ¢ denotes an image scaling constant, p the total
proton density, and oy (35, o = 1) the relative contri-
bution of each relaxing component k (K in total)
present within the voxel. Referring to our imaging
sequence, the first echo train, consisting of 32 echoes,
was used for T, analysis and, hence, TR; was equiva-
lent to the long recovery time TR;. Defining S;,_as the
signal strength of each compartment at echo time
TE=0

TR,
So, = S(TRy, TE = 0) = cpay |1 —exp | — T 4)
1
the equation used for multiexponential T, analysis
simplifies as follows:

X TE;
S(TE;) = 2‘{ So, exp (— T—;) ) (5)

The relaxation parameters Sy, and T, of each compart-
ment were evaluated using a modification of the
Marquardt algorithm [30--32].

As there is great variety in compartmentation and
molecular structure of tissues, multiexponential T,
relaxation behavior is a structural property of some
tissues (e.g., fat and bone marrow) and, hence, a tissue
characteristic feature [5, 7, 9, 31, 51-54]. In MRI, an
additional kind of multiexponentiality is observed
that is due to mixtures of different tissues contained in
one voxel (partial volume effects). According to the
principle of superposition, monoexponential decay
curves from different compartments within a volume
element result in experimentally observable multiexpo-
nential characteristics of the corresponding pixel. Evi-
dently, calculation of relaxation parameters without
the exclusion of partial volume voxels leads to errone-
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Fig. 2. Theoretical signal ratio Qy, as a function of 7, for a given TR, of 3000 ms and several TR, times (data are indicated on
curves; in ms). Note that an extremely inadequate combination of the two recovery times will lead to a nonunambiguous
behavior of Qy,, thus making the bisection method for scanning of the LUT impossible.

ous results, which cannot be regarded as tissue-
characteristic.

In order to distinguish these two types of multiexpo-
nentially relaxing voxels, we used an image process-
ing algorithm developed by Handels et al. [31, 32]:
Tissue boundary regions were characterized by region-
ally high T, variations and detected automatically
analyzing the (3 X 3)-neighborhood of the actually
evaluated pixel. Using this algorithm, partial-volume
effects both in plane and perpendicular to the imaging
slice could be detected, because the partial-volume
mixing of different contributing structures is indepen-
dent of their respective position within the voxel
under consideration. Furthermore, optimal starting
values for speedup of the iterative nonlinear regres-
sion steps were found using the multiexponential
results of the upper and left neighbor pixels.

Determination of T; and relative proton density p

In order to take the effects of longitudinal relaxation
during interpulse delays into account, an already
described mathematical formalism [33] for the descrip-
tion of multiecho experiments was adapted to the
analysis of our echo sequence [37, 38]. Assuming
perfect RF homogeneity, Eq. (3) had to be modified by
the saturation recovery correction factors fsz, for the

two multiecho trains:

T
fsr, = exp T,

1+ exp [~2Npoy(x/Ty)][cosh (x/T;) = 1]
cosh (7/Ty)

(i=1,2)

(6)

where 7 = TE/2 and N,.; denotes the total number of
echoes of the other train, i.e., N, = 8 for fzg and N; =
32 for fer,, respectively. Defining the ratio Qy, of the
signal intensites of both echo trains (=1, 2) at
arbitrary echo time TE

. S(TRy, TE) 1 — for, exp (-TR/T)
ch( 1) = S(TRz, TE]) - 1 —fSRZ exp (_TszTl) (7)

the (multiexponential) T, dependence of the echo
signals was eliminated from the T; calculation. For
each evaluation of an entire T; parameter image, the
theoretical ratio Qy, was computed once for the actual
TR values and all T; between 30 and 3000 ms (step
width T ms) and stored in a look-up table (LUT). The
influence of varying TR, for a given TR; on the Qg
function is illustrated in Fig, 2.

MAGMA (1994) 2(2)
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In practice, at first all relevant signals (echoes 1-8
and 33-40, respectively) were subjected to the noise
preprocessing described above and the number ] of
echo pairs (S, Siux) (=1, ..., I; ] < 8) where both
signals were above the noise limit was determined.
From those echo pairs, the signal intensity ratios Qmeasj
were computed. Each Qmeasj corresponded to an indi-
vidual Ty, value which was equivalent to the LUT
index with the best agreement between Qmeas]- and Q.
In order to minimize the time needed to find the
optimal index, a binary line-search algorithm was
used, with a time complexity of O(log p) [55] where pis
the number of LUT indices. Therefore, the optimal
value was found after 12 scanning steps, at maximum.
Because the signal strength and, therefore, the S/N
decreases with increasing echo time due to the under-
lying T, relaxation process, each individual T1j was
weighted with a factor f,,, being inversely propor-
tional to the variance in each estimate [29]:

X

> oy exp (—2TE/Ty)
k=]
fvarj = ]

K
> g o exp (—2TE;/T,)

i=1 k=1

(G=1,...,]<8)

(8)

The measured T; was obtained from the weighted
average of the individual le [27]:

]
Tl = vaarj le (9)
=1

Finally, it was checked whether the resuit falls within
the T, range 30-3000 ms, which was regarded as
physiologically meaningful.

Knowing TR; and S of the first echo train and T,
the relative proton density p was obtained:

K
> So(TRy)
k=1
cp =
P = 1~ fox, exp(=TR/Ty)

(10)

Normalization to a phantom substance of known
water confent {or any reproducibly measurable tissue)
led to interexperimentally comparable p values.

RESULTS AND DISCUSSION

The phantom substances covered the whole physi-
ological range of values: 300-2500 ms (T}, 50-250 ms
(T2), and 75-100% (p). Relaxation behavior was exclu-
sively monoexponential. Due to the extremely high
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S/N of the spectroscopy measurements, errors of the
reference data were estimated to be 2%.

The results of the phantom measurements are pre-
sented in Fig. 3: up to T; = 2000 ms, the proposed
imaging technique allowed to evaluate the longitudi-
nal relaxation time without systematic errors, when
compared to the spectroscopic reference data (Fig. 3,
left). At even higher values of Tj, an underestimation
was observed. This is considered of minor practical
importance because extremely long relaxation times
are observed only in fluids, where flow effects disturb
the accuracy of the results anyhow. In general, the
proposed technique suffers from the disadvantage
that deviations of the excitation pulse angle from the
ideal 90° have a rather strong effect on the accuracy,
which cannot be corrected algorithmically due to the
complexity of the resulting formulas and the small
number of data points [37]. Choosing rather long TR,
values minimizes this problem [37], but at the expense
of a smaller number of theoretically measurable slices.
With respect to TR; = 3000 ms, reproducibility may be
improved slightly using longer TR; values [37], but
this leads to higher measurement times. A high num-
ber of phantom experiments and simulations revealed
that the combination TR; = 3000 ms/TR, = 600 ms
represents a good compromise between accuracy,
reproducibility and practicability {37].

Up to T, = 150 ms, the transverse relaxation time
was evaluated systematically too high in the imaging
data with a nearly constant offset over the observed T,
range. This is explained by the strategy for trimming
of the sequence (see above): Because trimming points
were optimized only up to the third echo, later echoes
potentially suffered contamination from stimulated
echoes. This led to the relative contribution of higher-
order echoes increasing with the number of transmit-
ted RF pulses, i.e., at long TE times. As expected [56] T,
was slightly overestimated (Fig. 3, center). It is con-
cluded that the actual RF pulse profile (Gaussian
shape) should be replaced by a better suited profile
offering a better slice definition and causing less
stimulated echoes. Furthermore, alternative trimming
strategies to completely suppress stimulated echoes
might be considered [57]. Very long T, times were
underestimated, which is due to the rather fluid
consistency of these samples and, therefore, to the
significant influence of diffusion effects [37]. Again, it
might be argued that tissues exhibiting T, values
above 200 ms are very likely to be influenced by flow
and perfusion effects.

Determination of the proton density p did not
exhibit systematic errors, although overall accuracy
was rather poor and the scatter was much higher than
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Fig. 3. Results of the phantom study. Comparison of the
imaging results and of the measurements with the spectros-
copy sequences (T, T,) or the known 'H content of the
samples (p), respectively. The solid line represents the line
of identity. Left (7;): The range usually observed in vivo is
evaluated with high accuracy (TR; = 4000 ms, TR, = 700
ms). Center (T,): Over the range observed in vivo, T, times

that of the relaxation times (Fig. 3, right). This is
thought to be due to the preparation of the sub-
stances: As the vials were not closed hermetically
during heating of the mixture nor was the escaping
vapor reliquified, a slight difference of the actually
achieved proton densities from the desired ones could
not be excluded.

The automatic algorithm for data preprocessing
allowed the determination of the background noise
within each image in a fast and reliable manner.
Furthermore, effects of changing noise within the
echo train was taken into account. In contrast to
experimental studies, where movements of the mea-
sured “object” are significantly reduced due to the
anesthesia of the animals and positioning in stereo-
taxic holders, this effect is especially observed in
clinical investigations [29, 52]. In general, the prepro-
cessing eliminated calculation of systematically wrong
parameter values due to noise, especially for short T,
times.

The use of an improved Marquardt algorithm {31,
32] for multiexponential T, analysis and of the de-
scribed algorithm for T; determination allowed for the
evaluation of high-quality relaxation parameter im-
ages with high spatial resolution (Fig. 4). Figure 4
shows the whole set of evaluated parameter images
for two slices, measured in the study of experimental
infarcts in rat brain.

So far, for detection of multiexponential T, decays,
there are no alternatives to multiple echo sequences.
The high number of acquired echoes can be utilized
for nonlinear regression analysis only in the case of
sufficient S/N. Due to the elevated T; times at high

are slightly overestimated with the imaging sequence
because of the trimming procedure used. Nevertheless,
the absolute error remains nearly constant. Right (p):
Overall accuracy was rather poor in comparison with the
relaxation time measurements. The rather large scatter is
thought 1o be due to problems during the preparation of
the phantom substances.

fields (1000~1300 ms in solid rat brain tissues at 4.7 T
[37, 58], but only 600-1000 ms in healthy human brain
at 1.5 T [31, 54], recovery times must be chosen
according to the field strength of the imager. A value
about three times the average T; must be regarded as
sensible, indicating the generally long measurement
times in quantitative T, imaging. For our in vivo
studies at 4.7 T [37, 58], we used TR; = 3000 ms/TR; =
600 ms, twofold signal averaging and a 256 x 128
image matrix, which resulted in a measurement time
of 17 min. The combination TR; = 2000 ms/TR, = 500
ms, an adequate choice at 1.5 T [31, 54], equals 12 min
experimental time. With respect to the information
content delivered by the sequence, this experimental
time appears to be tolerable even in clinical routine
[54]. Further substantial scan-time reduction might be
achieved using a reduced number of phase-encoding
steps (i.e., a 256 X 64 matrix), excessive zero filling,
and retrospective removal of Gibbs ringing artifacts
[59]. In contrast to independent sequences for the
separate measurements of T; and T, [22-24, 26, 27, 36},
the proposed method offers inherently perfect align-
ment of the three-dimensional parameter information
contained in each pixel, which is extremely important
for automatic tissue characterization approaches [60-
63].

Computation time needed for evaluation of a param-
eter image depends both on the object size and on the
number of biexponential pixels found. In the case of a
coronal slice image of a rat (256% field of view 5 cm),
the CPU requirements for a multiexponentially ana-

" lyzed T, image amounts to 20 min on a VAXStation

3200 (Digital Equipment Corporation, Maynard, MA).

MAGMA (1994) 2(2)
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Fig. 4. Two coronal slices of calculated 74, 7; and p
parameter images of a rat brain. The data was measured at
6 h after occlusion of the middie cerebral artery, taken
from a study of experimental infarct in rat brain. Measure-
ment parameters were TR{/TR,: 3000/600 ms; field of
view 5.0 cm; slice thickness 1 mm; two averages; image
matrix 128 x 256. Several structural details like differences
between cortex and striatum are noted in both 7; and p
images. Ventricles have the longest relaxation times. Also,

The consequent utilization of the information deliv-
ered by the T, analysis and the use of the weighted
ratio algorithm allowed to compute high S/N T,
images (Fig. 4). Thanks to the very fast LUT scanning
technique, only about 20 s are needed for the genera-
tion of both T; and p image (parameters as abovel).
With more powerful computers, an on-line evaluation
of the parameter images becomes possible, thus allow-
ing the parameter images to be used directly for
diagnosis.

CONCLUSIONS

In combination with the presented evaluation con-
cepts, the imaging sequence was shown to allow the
quantitatively correct measurement of T;, T; and p.
The simultaneous acquisition of all data, necessary for
the complete description of the relaxation properties
of each pixel, resulted in an efficient use of the
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the white matter, seen as dark double arc in all three types
of parameter images, is distinguished from gray matter
due to its lower relaxation times and lower water content
(reflected in a reduction of p). Clearly visible is the lesioned
region in both 7, and 7, images as the area of elevated
relaxation time in the left cortex and caudate putamen
{CP). Note that the values of 'H proton density p are
normalized to that of the caudate putamen.

measurement time. This makes the method attractive
for clinical routine where investigation time must be
minimized. The proposed sequence runs like any
ordinary multiecho sequence, without compromise to
practical versatility (e.g., multislice imaging, oblique
slices) and without requirement of special adjustment
procedures. In contrast to already reported sequences
for simultaneous acquisition of T, T, (monoexponen-
tial) and p [6, 18, 28], which must be run as single slice
experiments in practice, normally (choosing a moder-
ate TR, time) three slices are possible with our se-
quence. Furthermore, due to the use of only two
different recovery delays for collecting the T;-sensitive
information, the presented method runs considerably
faster than other approaches [6, 18, 28]. Evaluation of
T, based on the weighted average of several signal
intensity ratios was already shown [29] to be less
sensitive to image noise than the ordinary technique
using the signal intensities of only two echoes [7, 11].
The use of the actual T, value for each pixel, shorten-
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ing of the echo times, the extension to eight ratios, and
consideration of the image background noise allowed
further improvement of Riederer’s approach [29] (one
constant T, for weighting of all pixels; TE = 20 ms;
four ratios; no noise processing). Additionally, the
acquisition of a train of 32 echoes offers sufficient
accuracy to perform multiexponential T, analysis.
Since biexponential T, behavior was found in several
tissues {5, 7, 9, 31, 51-54], this feature extends the
potential of relaxometric investigations considerably
and might lead to an improved specificity.

Furthermore, the chosen evaluation algorithms and
the noise preprocessing guarantee short computation
times. Using the latest, very powerful computer tech-
nology, an on-line computation of the parameter
images should be expected. Therefore, the multidimen-
sional MR parameter information contained in each
pixel could be used directly for diagnosis. Addition-
ally, this information can be analyzed and visualized
further: Using image processing algorithms, cluster
analysis, a tissue database and classification methods,
the automatic differentiation and classification of tis-
sues become possible [29, 54, 60-63].
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