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Fast Inversion-Recovery MR: The Effect of Hybrid RARE Readout on
the Null Points of Fat and Cerebrospinal Fluid

Elias R. Melhem, Hernan Jara, Huzeifa Shakir, and Todd A. Gagliano

PURPOSE: To evaluate the effect of the hybrid RARE (rapid acquisition with relaxation enhance-
ment) readout, commonly coupled to inversion-recovery pulse sequences, on the null inversiton
time (TI) of fluid and fat using both phantoms and human volunteers. METHODS: Two phantoms,
simulating fat (phantom A) and cerebrospinal fluid (phantom B), respectively, were imaged using
a fast inversion-recovery sequence that coupled an inversion-recovery preparation pulse to a
hybrid RARE readout. At repetition times (TRs) ranging from 700 to 20 000, the TI necessary to null
the signal from each phantom (null TI) was determined for an echo train length of 4, 6, 8, 10, 12,
14, 16, 18, and 20, respectively. Plots of null TI versus echo train length at different TRs were
generated for both phantoms. Fast inversion-recovery MR imaging of the cervical spine and brain
was performed in healthy volunteers. At a fixed TR and TI, the adequacy of signal suppression from
bone marrow and cerebrospinal fluid was assessed as a function of echo train length. RESULTS:
There was a gradual decrease of null TI for both phantoms with echo train length. This decrease
persisted at longer TRs for phantom B (T1 5 3175 6 70 milliseconds) than for phantom A (T1 5

218 6 5 milliseconds). In the human volunteers, there was a gradual loss of suppression of signal
from bone marrow and cerebrospinal fluid, with changes in the hybrid RARE readout. CONCLU-
SION: To optimize specific tissue suppression, radiologists implementing fast inversion-recovery
MR imaging should be aware of the effects of the hybrid RARE readout on null TI.

Index term: Magnetic resonance, technique
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The clinical utility of selective tissue suppres-
sion using inversion-recovery pulse sequences
has been documented extensively in the litera-
ture (1–8). Specific modifications of inversion
time (TI) can lead to effective suppression of
cerebrospinal fluid (CSF) in the central nervous
system and of fat in the bone marrow and in the
orbits (2, 4, 5). In the past, one of the major
deterrents to the more common use of these
inversion-recovery magnetic resonance (MR)
imaging techniques has been the length of the
acquisition time. Recently, imaging efficiency
and clinical utility have been improved by in-
corporating technical refinements, including
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rapid acquisition with relaxation enhancement
(RARE) and sequential interleaving (9–13).

The standard equation for determining the
null TI (specific TI needed to cause selective
suppression of signal from tissue X with a given
T1 relaxation time) using a conventional spin-
echo readout is

1) null TIx 5 T1x[ln2 2 ln(1 1 e2TR/T1x)](12).

It can be inferred from the above equation
that the null TI of a specific tissue X when using
conventional inversion-recovery pulse se-
quences is solely dependent on the T1 relax-
ation time of the tissue and on the selected
repetition time (TR).

The purpose of this study was to evaluate the
effect of the hybrid RARE readout on the null TI
of water and fat phantoms, as well as to assess
its effect on signal suppression in the clinical
setting, using human volunteers.
27
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Materials and Methods
All MR imaging was performed on two 1.5-T magnets

with maximum gradients of 10 and 15 mT m21, and max-
imum slew rates of 10 and 17 mT m21 ms21, respectively.
MR images of the phantoms and brain were obtained with
a standard quadrature head coil operating in receive
mode. MR images of the cervical spine were obtained with
a quadrature neck coil operating in receive mode.

Phantom Experiments

Two phantoms were used to simulate fat and CSF,
respectively. Phantom A consisted of corn oil (T1/T2:
218 6 5 milliseconds/47 6 1 millisecond). Phantom B
consisted of distilled water (T1/T2: 3175 6 70 millisec-
onds/1786 6 185 milliseconds). The T1 and T2 relaxation
times of the two phantoms were measured according to
the method described by In den Kleef and Cuppen (14).

Both phantoms were imaged using a fast inversion-
recovery sequence that coupled an inversion-recovery
preparation pulse to a hybrid RARE readout. The incorpo-
rated hybrid RARE readout implemented an echo-to-view
mapping scheme that achieved the shortest possible ef-
fective echo times (TEeffs). The lower-order phase-en-
coded lines were acquired at the beginning of the echo
train, while the outer lines were acquired at later times in
alternating fashion. In each shot, the successive profiles
were closely packed, separated in time by an echo spacing
equal in value to the TEeff. This hybrid RARE readout
allowed variation of the echo train length without altering
the echo spacing.

The phantoms were imaged in the coronal plane using
the following fixed parameters: TEeff 5 echo spacing, 15;
excitations, 1; readout bandwidth, 632 kHz; field of view,
18 cm; matrix,5 64 3 64. Signal intensity measurements
were made from square-shaped regions of interest with a
fixed size of 8 3 8 pixels.

The null TI for each phantom was determined for echo
train lengths of 4, 6, 8, 10, 12, 14, 16, 18, and 20 by using
relatively small TI increments (2 milliseconds) and moni-
toring the signal intensity from the phantoms as it changed
from negative to positive values. Plotting signal intensity
versus TI, the null TI was determined by the intersection of
the line joining the two consecutive TIs that cause a sign
flip with the x-axis. These experiments were performed for
a TR of 700, 1000, 2000, 4000, 6000, 10 000, and 20 000.
Using data fitting based on a T1 relaxation formula, plots
of null TI versus echo train length at different TRs were
generated for both phantoms (Figs 1 and 2).

Phantom A was imaged using the above fixed param-
eters, a TR of 700 and a TI of 127 (determined null TI for
phantom A at an echo train length of 4) while varying the
echo train length from 4 to 16 by increments of four (Fig
3). Phantom B was imaged using the above fixed param-
eters, a TR/TI of 2000/800, and a TR/TI of 6000/1615,
respectively (determined null TIs for phantom B at an echo
train length of 4) while varying the echo train length from
4 to 16 by increments of four (Figs 4 and 5).

Volunteer Group

MR imaging of the cervical spine was performed in two
healthy male volunteers (average age, 29 years) using a
fast inversion-recovery sequence implementing the
above-described hybrid RARE readout (TEeff 5 echo
spacing). The following parameters were used: TR/TEeff/
echo spacing/excitations, 1000/15/15/2; readout band-
width, 632 kHz; field of view, 18 cm (50% rectangular);
matrix, 128 3 256. The null TI of bone marrow at an echo
train length of 4 was determined by varying TI to achieve
complete suppression of signal from the vertebral bodies
of the cervical spine. Both volunteers were then reimaged
at echo train lengths of 8 and 12 (Fig 6) with application of
that null TI. The experiment was repeated with a TR of
4000 and an adjusted null TI of bone marrow at an echo
train length of 4.

To study the effect of the hybrid RARE readout on
fluid-attenuated inversion-recovery (FLAIR) sequences, a
different echo-to-view mapping scheme was used. A linear
(sequential) filling of k-space was implemented to adjust
for the relatively long TEeff (150 milliseconds) commonly
used in clinical practice. With this echo-to-view mapping
scheme, the echo spacing varies with changes in echo
train length and does not equal TEeff.

MR imaging of the brain was performed in two healthy
male volunteers (average age, 34 years) using a fast in-
version-recovery sequence implementing a linear hybrid
RARE readout. The following parameters were used:
6000/150/2 (TR/TEeff/excitations); readout bandwidth,
632 kHz; field of view, 22 cm; matrix, 256 3 256. The null
TI of CSF was determined at an echo train length of 16 and
an echo spacing of 17 milliseconds (echo train length 3
echo spacing 5 272 milliseconds). Using that null TI, both
volunteers were then reimaged with an echo train length of
26 and an echo spacing of 11.6 milliseconds (echo train
length 3 echo spacing 5 300 milliseconds) (Figs 7 and 8).

Fig 1. Plots of null TI for phantom A (corn oil) versus echo
train length for different assigned TRs.
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Fig 2. Plots of null TI for phantom B (water) versus echo train length for different assigned TRs.
Results

Phantom Experiments

Figure 1 presents plots of null TI for phantom
A (corn oil) versus echo train length at different
assigned TRs. There is a gradual decrease of
null TI with echo train length up to a TR of 2000.
At TRs of more than 2000, there is no change in
the null TI as a function of the different echo
train lengths used in this experiment. Also, the
rate of decrease (absolute values of the slopes)
in null TIs diminishes as TR increases from 700
to 2000.

Figure 2 presents plots of null TI for phantom
B (distilled water) versus echo train length at
different assigned TRs. There is a gradual de-
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Fig 3. MR images of phantom A using a fixed TR/TI (700/
127) and varying the echo train lengths (4, 8, 12, and 16). There
is a gradual increase of signal (ie, loss of suppression) from the
phantom with echo train length.

Fig 4. MR images of phantom B using a fixed TR/TI (2000/
800) and varying the echo train lengths (4, 8, 12, and 16). There
is a gradual increase of signal (ie, loss of suppression) from the
phantom with echo train length.
Fig 5. MR images of phantom B using a fixed TR/TI (6000/
1615) and varying the echo train lengths (4, 8, 12, and 16). There
is a gradual increase of signal (ie, loss of suppression) from the
phantom with echo train length. Note that the rate of increase of
signal from the phantom as a function of echo train length is more
gradual at a TR of 6000 than at a TR of 2000 (Fig 4).

Fig 6. MR images of the cervical spine (1000/241/15, TR/TI/
TEeff) at echo train lengths of 4 (A) and 12 (B). There is a gradual
appearance (ie, loss of suppression) of signal from the bone
marrow of the cervical spine as the echo train length is increased.
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Fig 7. MR images of the brain (first
volunteer) using a standard fast FLAIR
pulse sequence (6000/2000/150). There
is loss of adequate suppression of signal
from CSF in the lateral ventricles as the
product of the echo train length and echo
spacing is increased from 272 millisec-
onds (A) to 300 milliseconds (B).

Fig 8. MR images of the brain (second
volunteer) using a standard fast FLAIR
pulse sequence (6000/2000/150). There
is loss of adequate suppression of signal
from CSF in the third ventricle (arrow-
head) and trigone (arrow) as the product
of the echo train length and echo spacing
is increased from 272 milliseconds (A) to
300 milliseconds (B).
crease of null TI with echo train length up to a
TR of 10 000. At a TR of 20 000, there is no
change in the null TI as a function of the differ-
ent echo train lengths used in this experiment.
Also, the rate of decrease (absolute values of
the slopes) diminishes as TR increases from
700 to 10 000.

Figure 3 demonstrates MR images of phan-
tom A at a fixed TR/TI of 700/127 (determined
null TI for phantom A at an echo train length of
4) and at different echo train lengths. At an echo
train length of 4, there is an expected complete
suppression of signal from the phantom. As the
echo train length is increased by increments of
four up to 16, there is loss of suppression and
gradual signal increase from the phantom.

Figures 4 and 5 show phantom B at fixed
TR/TIs of 2000/800 and 6000/1615, respec-
tively (determined null TI for phantom B at an
echo train length of 4) and at different echo train
lengths. At an echo train length of 4, there is an
expected complete suppression of signal from
the phantom. As the echo train length is in-
creased by increments of four up to 16, there is
loss of suppression and gradual signal increase
from the phantom. Note that the rate of signal
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increase from the phantom as a function of echo
train length is greater for a TR of 2000 than for
a TR of 6000.

Volunteer Group

Figure 6 shows a gradual loss of suppression
of signal from the cervical spine bone marrow
as the echo train length increases from 4 to 12
at a fixed TR (1000), TI, and TEeff. With a TR of
4000, complete suppression of signal from
bone marrow is maintained despite increases in
echo train length.

Figures 7 and 8 illustrate loss of adequate
suppression of signal from CSF as the product
of the echo train length and echo spacing is
increased from 272 to 300 milliseconds.

Discussion

In the past, the clinical utility of inversion-
recovery sequences has been limited by long
acquisition times. The incorporation of a hybrid
RARE readout to inversion-recovery MR pulse
sequences has been instrumental in increasing
their clinical usefulness (13).

Our results demonstrate a definite effect of
the hybrid RARE readout on signal intensity and
null TI of both fat (bone marrow) and water
(CSF) for a specific range of TRs. The effect of
the hybrid RARE readout on null TI of fat disap-
pears at a much lower TR (4000) as compared
with that of water (20 000) for the echo spacing
and range of echo train lengths chosen in the
phantom experiments (Figs 1 and 2).

One fundamental difference between con-
ventional spin-echo and hybrid RARE readouts
is the time allowed for postsampling signal re-
covery (15). For conventional spin-echo read-
outs, effective recovery of longitudinal magne-
tization begins immediately after the refocusing
180° radio-frequency pulse. For conventional
inversion-recovery pulse sequences, the time
allowed for postsampling signal recovery is ap-
proximately TR 2 TI 2 TE/2. The incorporation
of a hybrid RARE readout allows effective re-
covery of longitudinal magnetization to begin
after the last 180° radio-frequency pulse of the
echo train, thus shortening the time allowed for
postsampling signal recovery proportional to
the product of echo train length and echo spac-
ing. For fast inversion-recovery pulse se-
quences, the time allowed for postsampling sig-
nal recovery is approximately TR 2 TI 2 echo
train length 3 echo spacing.

The recovery of longitudinal magnetization
during a specific time period is dependent on
the T1 relaxation of a particular tissue. If the
time allowed for postsampling signal recovery is
more than four to five times the T1 of a partic-
ular tissue, then complete recovery of longitu-
dinal magnetization is expected. If, however, the
time allowed for postsampling signal recovery is
less than four to five times the T1 of a particular
tissue, then incomplete recovery of longitudinal
magnetization will occur, resulting in a new
steady-state longitudinal magnetization. When
coupling a hybrid RARE readout to an inver-
sion-recovery pulse sequence, the magnitude of
the steady-state longitudinal magnetization of a
particular tissue will decrease as the product of
echo train length and echo spacing increases,
thus reducing its null TI.

We have found that shortening the TR results
in a greater effect of echo train length on the
time allowed for postsampling signal recovery
and on the null TI. Owing to differences in the T1
relaxation of the two phantoms (T1phantom A/
T1

phantom B
: 218 6 5 milliseconds/3175 6 70 mil-

liseconds), complete recovery of longitudinal
magnetization may be expected for phantom A
at a much shorter TR than that for phantom B
for the studied range of echo train lengths (Figs
1 and 2).

The hybrid RARE readout chosen for our
phantom experiments implements an echo-to-
view mapping scheme that maintains a con-
stant echo spacing equal in value to the TEeff.
This enables the study of echo train length 3
echo spacing on the time allowed for postsam-
pling signal recovery by varying the echo train
length without accompanying changes in echo
spacing.

Our choice of phantoms reflects an attempt
to simulate tissues that are selectively sup-
pressed in clinical practice; namely, fat and
CSF (3–6). Further, the effects of magnetization
transfer, amplified by hybrid RARE techniques,
are negligible on signal intensity and on null TI
of fat and CSF (16–18). On the other hand, for
tissues susceptible to magnetization transfer ef-
fects (eg, white matter), further experimental
and theoretical investigations are needed to de-
fine the various effects of the hybrid RARE read-
out on the generated signal and on the null TI.

Despite definite increases in signal intensity
from both phantoms as a function of echo train
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length (echo train length 3 echo spacing) at a
fixed TR and TI (Figs 4–6), these increases may
escape visual perception owing to the wide dy-
namic range of gray scale used in clinical im-
aging. Depending on the window and level
used, increases in signal intensity from tissues
may not necessitate a change in the assigned
gray scale. In fast FLAIR MR imaging of the
central nervous system, these increases in sig-
nal intensity from CSF may have to approach
the signal intensity from brain before they are
apparent. The heavy T2 weighting (TEeff: 150 to
200) used in clinical imaging with fast FLAIR
reduces the signal intensity from normal brain
tissue (T2 decay) (5). This reduction renders
the fast FLAIR MR images more susceptible to
incomplete suppression of signal from CSF as a
result of increases in the echo train length 3
echo spacing at a fixed TR and TI (Figs 7 and
8). Other causes of incomplete suppression of
signal from CSF have been attributed to ghost-
ing artifacts caused by inflow of nonnulled CSF
into sections with high CSF flow rates (7). This
lack of uniformity in signal suppression from
CSF may limit the clinical utility of the fast
FLAIR technique in the detection of acute sub-
arachnoid hemorrhage and meningitis (8).

In conclusion, the hybrid RARE readout,
commonly coupled to inversion-recovery MR
pulse sequences in clinical use, has a definite
effect on signal intensity and on null TI of tissues
over a specific range of TRs. This effect is neg-
ligible when the time allowed for postsampling
signal recovery exceeds four to five times the T1
relaxation time of a particular tissue (TR 2 TI 2
echo train length 3 echo spacing . 4 to 5 3 T1)
and, conversely, is amplified when the time al-
lowed for postsampling signal recovery de-
creases below four to five times the T1 relax-
ation time. To optimize specific tissue
suppression (eg, fat and CSF), radiologists im-
plementing fast inversion-recovery MR imaging
(fast short-TI inversion-recovery and fast
FLAIR) should be aware of the effects of the
hybrid RARE readout on null TI.
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