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Abstract

Diffusion-weighted imaging in the presence of extremely short T)-relaxation time is generally not feasible with a standard PGSE
experiment due to the superposed signal decays caused primarily by 7>-relaxation and secondarily by diffusion. Here, we present a
new method for diffusion-weighted imaging achieved by a nearly T>-independent pre-experiment where a DANTE-pulse train is repeated

rapidly.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Diffusion has a strong influence on the acquired signal in
MRI which can sometimes detract from image quality, but
is often valuable. Simple diffusion-weighted imaging is a
useful tool, for example, in the precise diagnosis of a
stroke. Quantification of the diffusion coefficient in homo-
geneous medium is also possible, as is the acquisition of
diffusion tensors, both of which provide a great deal of
information about the structure of an object in an inhomo-
geneous medium. For instance, the characterization of neu-
ral fibers in the white matter of the brain can be carried out
by measuring such parameters. In later research, other
developments have emerged, such as g-space imaging,
which provides information about the profile of water dis-
placement within a single voxel on the basis of the diffusion
of water molecules [1,2].

All techniques mentioned above are based on the
pulsed-gradient spin-echo sequence (PGSE, [3]), where a
simple spin-echo sequence is extended by adding two gradi-
ents, one before and one after the 180° refocusing pulse,
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which leads to diffusion encoding. The strength of the dif-
fusion weighting in a standard PGSE experiment is given
by the b-value, which depends only on the sequence param-
eters. The parameter b is given by

b= /k(t)zdt, (1)
whereas k(¢) is as usual defined as
t
k(t) = 7 / G(7)dr. @)
0

In the case of a PGSE sequence with rectangular, and not
trapezoidal, gradient lobes, Eq. (1) becomes

b=7’G6*(4-6/3), (3)

where G is the strength of the diffusion-weighting gradient,
A the diffusion time (the time between the initialization of
the two gradients), and ¢ the gradient duration. For a high
diffusion weighting, one needs strong and long gradients,
and the time 4 between the two gradients must also be
long. This long diffusion time is essential for detecting
restricted diffusion in wide structures; in the case of a clin-
ical system, long diffusion times are essential in order to ob-
tain a suitable contrast, as the diffusion gradients that are
achievable on such a system are low. Given that a long
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diffusion time leads to a long echo time, and that the signal
amplitude at the echo time is given by

M(TE) = M, - exp(—=TE/T>) - exp(—bD), 4)

a high diffusion weighting is generally accompanied by a
low signal amplitude. This effect is exaggerated if one wants
to achieve a high diffusion weighting (high b-value) in a
sample with a short 7,. Acquiring stimulated echoes can
reduce, but not entirely solve, the problem of the 7>,-
dependence.

In 1996 Doran et al. investigated the effects of diffusion
and T-relaxation on a rapidly repeated BURST-sequence
[4]. In the sequence presented here, these effects are exploit-
ed to achieve a new kind of diffusion weighting in magnetic
resonance imaging, which uses DANTE pulse trains [5]
similar to well-known tagging-techniques. While this
method does not have the common advantages of the
BURST sequence as described in [6] or [7], advanced
BURST techniques (e.g. [8]) or diffusion BURST-sequenc-
es, for example, in [9,10]—low demands on gradient power,
fast, acoustically quiet—it has other desirable properties.
The most obvious is that it is not affected by 7,-relaxation
as are standard diffusion-weighted sequences. This is
accomplished by using a pre-experiment which creates dif-
fusion weighting using longitudinal magnetization which
has been prepared by a series of DANTE-Pulses. In this
technique, the generated transversal magnetization is irrel-
evant. The longitudinal magnetization is then read out with
a fast standard experiment such as FLASH or EPI.

2. Methods

The basic idea for the method presented here comes
from the Bloch-Torrey equation [11] for the longitudinal
magnetization

d o My —M
Moty =D 0 =(x,1)

— — 5
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which describes the evolution of the z-magnetization under
the influence of diffusion and T-relaxation [4]. The solu-
tion of this differential equation is given below

Mz(x7 t) =

M:(x, 1) +
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(6)
where ® symbolizes a convolution with respect to the posi-
tion x [4]. In our diffusion hole-burning sequence, the
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z-magnetization is selectively saturated in certain locations
and evolves after saturation according to diffusion and T-
relaxation. This saturation occurs on a subvoxel level, in
contrast to the diffusion measurement method using a
hole-burning sequence described in [12]. To this end, sever-
al stripes are “burned” (i.e., saturated) within one voxel
(Fig. 1). The pulse sequence consists of two fundamental
parts:

1. Burning the stripes: z-Magnetization decreases due to
saturation of several spin-ensembles.

Evolution: The system evolves under the influence of dif-
fusion and T -relaxation. Diffusion blurs the magnetiza-
tion profile, which can be described as a convolution
with a normalized Gaussian kernel; this preserves the
sum of the longitudinal magnetization. However, T;-re-
laxation brings z-magnetization back to the positive z-
axis. The evolution time Ty, is equivalent to the diffusion
time 4 in a PGSE experiment.

2.

If the signal of a voxel is measured after this preparation,
one obtains a purely 7;-weighted image. This can be inter-
preted as a spatially selective saturation recovery 7'j-exper-
iment. However, if the whole procedure (burning the
stripes at the same position every time, followed by evolu-
tion) is repeated again and again (L times), the amount of
magnetization lost due to saturation after several repeti-
tions is equivalent to the amount which is reclaimed due
to T)-relaxation. Thus, a steady-state is achieved, which
can be read out with a fast imaging experiment. Without
T;-relaxation, the steady-state magnetization M> would
be equal to M>® =0, because saturated spins in the pulse
band would diffuse out of the pulse band, and simulta-
neously non-saturated spins diffuse into this band. These
non-saturated spins would then be saturated in the follow-
ing sequence repetition, leading to a steady-state. With T-
relaxation alone (neglecting diffusion), repeating the pulse
sequence would be unnecessary, because in every repetition
the same spins would be saturated. The steady-state mag-
netization M?® would be a function of T1: M = f(T,). In
reality diffusion and T7j-relaxation will always co-exist,
and both are needed to achieve a steady-state magnetiza-
tion M > 0 which depends on both the diffusion coeffi-
cient and the T)-relaxation time: M¥* = f(D,T;) (Fig. 1).
Because the magnetization is read out while it is in the stea-
dy-state, the diffusion weighting depends not only on
sequence parameters (diffusion time, properties of the diffu-
sion gradients) but also on the diffusion coefficient and the

steady state
after L loops

Fig. 1. The stripes burned inside a voxel are shown here. The magnetization evolves under the influence of diffusion and T -relaxation. After L loops of

burning and evolution, a steady-state is reached.
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longitudinal relaxation time themselves. This also means,
however, that it is impossible to assign a single b-value
for the whole image; instead, the b-values differ from voxel
to voxel. The b-value can be defined by relating the magne-
tization without diffusion to the magnetization under the
influence of diffusion:

1 (M2 1] M

The details of the sequence are shown in Fig. 2: Short puls-
es (N pulses, pulse duration 7, pulse separation A4) are ap-
plied (generally along the x-axis of the rotation frame)
under a gradient G, whose orientation defines the direction
sensitive to the diffusion. Due to these pulses, the longitu-
dinal magnetization is transformed into transversal magne-
tization to some extent. This magnetization is subsequently
dephased with spoiler gradients. Applying a Fourier trans-
formation yields approximately the pulse shape in the fre-
quency domain and the spatial shape achieved after
application of the gradient (Fig. 3): The pulse sequence is

|
|
|
|
evolution Im‘ readout
|
|
|
|

Fig. 2. N pulses are applied under a gradient G, the transversal
magnetization is spoiled, and the system evolves under the influence of
T, and diffusion. This procedure is repeated L times before the
longitudinal magnetization is read out.

an infinite Dirac-comb (peak distance 4) convoluted with
a single pulse (pulse duration 7) and multiplied by a boxcar
function (duration NA4). In the Fourier domain (frequency-
space), that also implies an infinite Dirac-comb (peak
distance 2m/4) multiplied by a sinc-shaped function (width
between the first zero-crossings is 4m/7) and convolved with
another sinc-shaped function (width 4m/NA). It is impor-
tant to note that we are not referring to the echoes gener-
ated in the time domain after n RF pulses; normally n
pulses applied in the presence of a magnetic field gradient
generates 3" echoes in the time domain, but in the case
of equidistant pulses the number of echoes is reduced to
n [6]. In our case, these echoes are spoiled; we are just inter-
ested in the magnetization profile created. The stripes
burned into the longitudinal magnetization due to this
pulse sequence are characterized by the following parame-
ters in the time domain:

e The pulse distance 4 sets the distance of the stripes in

the voxel: Ax =2mn/yGA4. Given a certain resolution

and gradient strength, the value of 4 defines the number
of stripes per pixel.

The length of one single pulse t determines the ampli-

tude of the stripes over the whole filed of view, which

is modulated with a sinc-shaped function (see Fig. 3).

The use of very short pulses is important to reach a near-

ly constant pulse angle over a wide area.

e The number of single pulses N controls the form and the
width of one single stripe (under the condition that 4 is
already determined). If the amplitude of the applied
pulses is not modulated, the stripes have a nearly sinc-
shaped profile with a width of 4n/NA. Thus, the ratio
of whole width to stripe distance is given by 2/N. Know-
ing the exact form of the stripes is only relevant for accu-
rate simulation results, as the form is not important for
the final image.

Dirac-comb coo ‘ ‘ oo oo ‘ ‘ 000 Dirac-comb
(distance A) (distance 2m/A)
® o
single pulse H m sinc over FOV
(width 1) (width 4miit)
/ N
[ ]

complete length
(width NA)

sinc over stripes
(width 4Ti/NA)

ol

Fig. 3. The DANTE-part of the pulse-sequence (the N pulses in Fig. 2 under the curly brackets) can be approximately described as a Dirac-comb,
convolved with a single block-pulse and multiplied with a boxcar-function. This leads to a Dirac-comb multiplied with a sinc-shaped function and
convolved again with a sinc-shaped function in the frequency-space. A single pulse must be short enough that the amplitude of the stripes in the frequency
domain is nearly homogenous over the whole field of view.
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3. Simulations

For the purposes of simulating such an experiment, the
system can be regarded as a one-dimensional system. The
goal here is to examine one pixel containing several stripes
and to simulate a 1D-line through this pixel. Assuming that
the diffusion coefficient and the 7 value do not change
between two stripes inside the pixel, only a single stripe
with periodic boundary conditions must be simulated. In
Fig. 1 such a simulated unit cell is shown. Periodic bound-
ary conditions mean that a spin that diffuses out of the sim-
ulated system on one side will appear on the other side.
Furthermore, only z-magnetization must be taken into
account. To illustrate this idea, every point in Fig. 1 repre-
sents the z-magnetization of the corresponding position.

At the beginning the system is in the steady-state. A
pulse is then applied that burns one stripe, and after that
the system evolves under the influence of diffusion and
T)-relaxation. This procedure is repeated periodically as
described in Section 2. The simulations consist of these
two parts:

1. While burning the stripes the magnetization is multiplied
with a special pulse function corresponding to the posi-
tion of the spins. A simple 90° pulse, for example, sets
the magnetization in the pulse area to zero. To simulate
short non-modulated pulses such as those used in the
experiments, the z-magnetization was modified with a
sinc-shaped function as described in Fig. 3. The approxi-
mation was made that the pulse occurs in one simulated
time unit, during which no diffusion or 7j-relaxation
takes place.

2. During the evolution of the magnetization, diffusion and
T)-relaxation modify the magnetization profile. To
examine these effects, a discrete version of Eq. (5) is
used:

AM; Mg +M; —2M; My—M,;
=D . 8
At Ax? + T, ®)
In each time step A the magnetization M; at every point
x; is updated: T)-relaxation brings longitudinal magneti-

zation back and diffusion blurs magnetization between
the actual point and the nearest neighbors (distance Ax).

The sum of all partial magnetizations M, gives the mag-
netization measured in the pixel considered. Simulations
were performed to find optimal experimental parameters
and to check experimental results.

One interesting question is the influence of the number
of stripes per pixel. Without simulations we can say that
it would be desirable to have as many stripes in one pixel
as possible to gain averaged information of the diffusion
coeflicient and the 7)-relaxation time in that pixel. This is
restricted by two factors: the power of the diffusion gradi-
ent and the interval between two single short pulses which
have to be very long for close stripes (see Fig. 3). So the
question is not how many stripes per pixel one wants to
have, but how many one can obtain.

However, it is important to find the optimal stripe width
relative to the obtained stripe distance. Intuitively, it is
clear that the relative stripe width must have an optimum
value. If the stripes are too narrow, the hole-burning mod-
ule has no effect on the readout experiment, and if the
stripes are too wide, the magnetization remaining for the
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Fig. 4. (a) Diffusion contrast M. (D =0) — M_.(D > 0) depending on the stripe width relative to the stripe distance, plotted for different values of the
diffusion coefficient D. The optimal stripe width is in the range of 8-12%. Simulations are performed for 7', = 1000 ms. (b) Diffusion contrast, plotted for

different T;-values and for a fixed diffusion coefficient (D = 1.5 pm?/ms).
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readout experiment will disappear due to diffusion and
repeated burning. In Fig. 4, simulations are shown to find
this optimal stripe width for rectangular stripes in depen-
dence on D and T). The optimal stripe width relative to
the stripe distance is between 8 and 12% for common val-
ues of D and T). The exact value depends on the sequence
and sample parameters. This stripe width gives the best dif-
fusion contrast, which is defined as the difference between
the magnetization without diffusion M_(D =0) and the
magnetization that takes diffusion into account M. (D > 0).

Simulations also show that the exact form of the stripes
is not essential; narrow bands of a sinc-shaped stripe pro-
file, for example, disappear very fast due to diffusion blur-
ring. In the presence of diffusion, nearly every stripe profile
is quickly converted into a Gaussian profile.

Further simulation results are shown in Figs. 6 and 9.

4. Experimental setup

The first experiments with this hole-burning sequence
were performed on a Bruker AMX-500 11.75T system
due to the gradient strength of 660 mT/m. The experiments
were performed using the following parameters: T = 3 s,
N =25,

A=1ms, T., =25 ms, G=0.45T/m,

diffusion weighting:
different D
identical T,

1) pure H,O0

2) H,0 with Gadolinium
3) oil 1

4) oil 2

5) agar

T, weighting:
identical D
different T,

Fig. 5. The phantom was built in such a way that diffusion weighting and
T)-weighting could be separated: two tubes (2 and 3) have different
diffusion coefficients but identical 7 values (diffusion weighting), and two
tubes (1 and 2) have identical diffusion coefficients but different T77-
relaxation times (7'-weighting). The agar was used to fix the small tubes in
place and to improve the ability to shim.

Ax =52 um, L = 20. For the read out, a centric reordered
snapshot FLASH was used (TE =2.5ms, TR = 4.3 ms)
with a FOV of 20x20mm’ and a matrix size of
128 x 128 pixels, generating 3 stripes per pixel. A phantom
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Fig. 6. (a) The signal amplitudes for the two tubes in the phantom with
identical T)-values but different diffusion coefficients after different
numbers of loops are shown. The signal difference in the steady-state
(large L) represents the diffusion weighting. Points are experimental data
(mean values of ROIs inside the tubes), lines the results of corresponding
simulations. (b) Signal amplitudes for the two tubes with identical
diffusion coefficients but different 7)-relaxation times are shown. The
signal difference gives the 7'-weighting. Points are experimental data, lines
the results of corresponding simulations.

Table 1

This table gives an overview of the 7| and T, values, the diffusion coefficients, and the calculated b-values of the phantom used for the experiments
H,0 (1) H,O doped (2) oil 1 (3) 0il 2 (4)

T, (ms) 2668 + 70 359 + 14 295 +25 327+ 25

T, (ms) 53548 279 +7 35+4 27+4

D (107* mm?/s) 1.89 +0.02 1.954+0.05 0.01 +0.02 0.02 +0.02

b (s/mm?) 1195+ 274 632+ 117 38825 + 21575 36092 + 21771

The numbers given in brackets correspond to the index of the compartments in Fig. 5. A map of the b-values is shown in Fig. 8. Diffusion measurements
are performed at a temperature of 18 °C. The large errors in the b-values in the oil-filled tubes are caused by the errors in the diffusion coefficients in these
tubes, which is not abnormally high but in the range of the coefficients themselves due to the small diffusion coefficients.
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was built which allowed us to separate the signal weighting
due to diffusion and Tj. It consisted of several tubes
(Fig. 5): one with pure water, one with water doped with
Gadolinium, and two tubes containing different oils. The
water was doped in such a way that it had nearly the same
T as one of the oils, yielding two tubes with substances dis-
playing identical T)-values and different diffusion coeffi-
cients. These tubes allowed for the observation of
diffusion weighting independent of the T effects. At the
same time the two water-filled tubes, displaying identical
diffusion coefficients but different T';-values, showed diffu-
sion-independent T'-weighting.

A characterization of the phantom is given in Table 1.
We used an inversion recovery sequence for measuring
the Ti-values, a PRESS sequence with variable echo time
for the T»>-values, and a standard PGSE diffusion experi-
ment for the diffusion coefficients.

With this phantom, a centric reordered snapshot
FLASH with a readout period of 550 ms can be used for
the readout due to the relatively long 7-values of the fluids
in the phantom. The contrast behaviour of a centric reor-
dered experiment is dominated by the first few k-space
lines. In the case of a probe with very short T and possibly
short 7', one has to use a faster readout experiment such as
EPIL

5. Experimental results

By increasing the number of sequence loops L (burning
the stripes, evolution,...) the system can be driven into a
steady-state. In Fig. 6, the signal progression into the
steady-state, normalized to the signal strength without a
pre-experiment (i.e., L = 0, without the hole-burning mod-
ule), is shown. The phantom setup enables us to separate
the diffusion- and the Tj-contrast, which yields the signal
difference in the steady-state.

Phantom images at certain points in time are shown in
Fig. 7a: The images are not normalized, and the diffusion
weighting decreases the overall signal by increasing number
of loops L. The noise level stays constant. Fig. 7b shows
the same dataset as Fig. 7a, but in this case the signal is
normalized to the doped water level (tube on the top right),
so the noise level increases with increasing loop number L,
i.e. diffusion weighting. Normal water signal (large tube)
decreases relative to the doped water signal because the
longer T;-relaxation time gives a lower steady-state signal
given the equal diffusion coefficients. On the other hand,
the oil signal (tubes on the top left) increases with increas-

05

0

Fig. 8. Map of b-values in the phantom, calculated using Eq. (7). The
scale shows the logarithm of h-values in units of s/mm?. The sequence
provides a b-value of approximately 1200 s/mm? (log,o (b mm?/s) ~3.1) for
pure water (the big tube), 650 s/mm? (logjo(h mm?/s) ~2.8) for doped
water (darker small tube on the right top), and nearly 40,000 s/mm?>
(log1o(h mm?/s) ~4.6) for oil (two bright tubes on the top).

Fig. 7. (a) Signal measurements after different number of loops L. (b) The same dataset as shown in (a), but normalized to the doped water signal (tube on

the top right).
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ing loop number L relative to the doped water signal due to
the lower diffusion coefficient at a constant 7;-relaxation
time.

A map of the calculated b-values (see Eq. (7)) as shown
in Fig. 8 points out the wide range of h-values achieved in a
rapid repeated hole-burning sequence: With the parameters
used here, pure water reaches a b-value of about 1200 s/
mm?, doped water a value of 650 s/mm?, and oil (with its
low diffusion coefficient) a b-value of approximately
40000 s/mm”.

6. Discussion

The major advantage of rapid repeated spatial satura-
tion in the presence of diffusion and 77-relaxation is that
it allows diffusion-weighted imaging without the signal loss
caused by T)-relaxation in samples with short T)-relaxa-
tion times. A second advantage could be in some cases
the variation of the b-value between different compart-
ments. The dependence of the b-value from the diffusion
coefficient and the T'j-relaxation time itself can permit high
b-values in some cases and can also be useful in obtaining a
good contrast between two areas with different D and T if
the contrast effects are constructive.

The contrast mixture between T and diffusion contrast
is problematic for a visual impression of the diffusion coef-
ficient. For the separation of these two effects an analytical
solution of the development of the steady-state magnetiza-
tion M>*(D, T}) is needed, which depends on sample proper-
ties, namely the diffusion coefficient and 7;, but also
strongly on the sequence parameters. For this reason, it
cannot easily be simulated. Knowing this functional rela-

tionship would provide a quantification of the diffusion
coefficient and T, by fitting the analytical solution with
the right sequence parameters to data points acquired with
various loop numbers. To gain this analytical solution, one
has to start with the magnetization M,, apply one pulse,
and let the system evolve (Eq. (6)). This has been done iter-
atively, which means that M, in the next step is substituted
by the magnetization after the last evolution process. The
steady-state magnetization M>*(D, T}) is then given by the
magnetization after an infinite number of iterations. In
Fig. 9, the dependence of the simulated steady-state magne-
tization M>*(D,T;) on the diffusion coefficient D and the
relaxation time 77 for a certain experimental set of param-
eters is shown. Both increasing diffusion coefficient and
increasing T-relaxation time decrease the steady-state
magnetization. Given common values of D and 7, and a
stripe width of approximately 10% of the stripe distance,
the sequence provides a good compromise between diffu-
sion weighting and remaining measurable signal.

A problem in contrast to a common PGSE experiment is
that we have two competing lengthscales. Only if tissue
properties vary on a lengthscale similar to that of the stripe
distance does the method gives averaged results. Otherwise,
the diffusion weighting depends only on those parts inside
the pixel where the stripes are burned.

In the experiments presented here, the DANTE
sequence lays down a set of stripes in the direction perpen-
dicular to the long gradient of Fig. 2. In a heterogeneous
sample, diffusion along a given stripe does not alter the
magnetization profile. The only diffusion we measure by
this technique is thus the component in the direction of
the gradient. However, if the sample is heterogeneous, dif-

a 100
80 ——T,=100 ms
g 80 —=—T, =500 ms
2 —a— T, =1000 ms
= ¥ —»—T, = 3000 ms
20 —*—T =
0 + 4 * * ¥ _i 1
0 05 1 15 2 25 3
D [pm?*/ms]
b 100 -
80 - * * * * —+—D =0.0 ym3*ms
— —a—D = 0.5 pm*ms
£ 60 —&— D =1.0 ym*ms
;"' 40 - ——D =15 pm*ms
—%—D = 2.0 pym*ms
=y —e—D =25 pmms
0 T T T 1
0 1000 2000 3000 4000
T; [ms]

Fig. 9. (a) Simulated values of the steady-state magnetization M:*(D, T}) immediately after the last pulse is applied. In these simulations, rectangular
stripes with a stripe width of 12.5% of the stripe distance and pulse intervals of 20 ms were used. (b) Same simulations as shown in (a), but plotted over T}

instead of D.
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fusion along one part of a stripe will alter the magnetiza-
tion profile of another part of that stripe. In this case,
the differential equation (Eq. (5)) has to be extended to a
multidimensional differential equation. However, in order
to estimate the effects of the heterogeneity on the diffusion
weighting, the form of the internal gradients must be
known. If the heterogeneities are static and continuous,
only the spin diffusion approximately perpendicular to
the stripes has to be taken into account and the stripes
are always burned at the same position. In that case, the
sequence would give proper results, but diffusion weighting
would be caused not only by the diffusion in a single direc-
tion, but by diffusion in various directions.

Working with a PGSE experiment, restricted diffusion
gives an apparent diffusion coefficient or a diffusion-
weighted image with a signal attenuation that is not as
strong as in the unrestricted case. The same will happen
here: if one has diffusion barriers in the sample, the effective
diffusion coefficient is lower than the true value and thus
the diffusion weighting will also be weaker.

7. Conclusion

The hole-burning sequence presented here offers a new
prospect for acquiring diffusion-weighted images by pre-
paring diffusion-weighted longitudinal magnetization.
Because the transversal magnetization is not employed in
this method, measurements of diffusion-weighted images
are possible in 7,-ranges which are not accessible with
other techniques. The diffusion weighting is achieved by
repeating a spatially selective pulse train until the longitu-
dinal magnetization enters a steady-state which depends
on the diffusion coefficient and the 7T-relaxation time.

Further studies should turn the attention to the analytic
calculation of the development of the steady-state magneti-

zation M>(D,T;). This would provide the possibility to
quantify the diffusion coefficient and possibly the T;-relax-
ation time and as well as the calculation of diffusion tensor
images nearly independent from T,-effects by applying the
diffusion gradient in different directions.
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