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The divided inversion recovery technique is an MRI separation
method based on tissue T1 relaxation differences. When tis-
sue T1 relaxation times are longer than the time between
inversion pulses in a segmented inversion recovery pulse
sequence, longitudinal magnetization does not pass through
the null point. Prior to additional inversion pulses, longitudinal
magnetization may have an opposite polarity. Spatial dis-
placement of tissues in inversion recovery balanced steady-
state free-precession imaging has been shown to be due to
this magnetization phase change resulting from incomplete
magnetization recovery. In this paper, it is shown how this
phase change can be used to provide image separation. A
pulse sequence parameter, the time between inversion pulses
(T180), can be adjusted to provide water-fat or fluid separa-
tion. Example water-fat and fluid separation images of the
head, heart, and abdomen are presented. The water-fat sepa-
ration performance was investigated by comparing image
intensities in short-axis divided inversion recovery technique
images of the heart. Fat, blood, and fluid signal was sup-
pressed to the background noise level. Additionally, the separa-
tion performance was not affected by main magnetic field
inhomogeneities. Magn Reson Med 63:1007–1014, 2010.
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Tissue characterization in MRI is mostly performed
using a visual assessment of image contrast generated by
contrast agents or intrinsic magnetic relaxation time dif-
ferences. MR images with pixel intensities weighted by
T1 or T2 relaxation times are most commonly used.
Additionally, preparation pulses can generate a variety
of image contrasts between tissues. For example, fat satu-
ration (1), magnetization transfer contrast radiofrequency
pulses (2), or diffusion gradient pulses (3) may be added
to impose specific image contrasts. The difference in
pixel intensities allows identification of and discrimina-
tion between diseased and healthy tissues using a single
image.

MR image separation techniques provide multiple
images of the same imaging plane with pixels separated
by an intrinsic tissue parameter. Water-fat separation (4)

provides two images. Pixels composed primarily of lip-
ids are displayed in the fat image and the other pixels
composed primarily of water are displayed in the second
image. Water-fat separation is most commonly performed
using the chemical shift between water and fat nuclei.
Image separation can also be performed using other pa-
rameters such as T1 relaxation times or T1-weighted
imaging pixel intensity (5). In T1-weighted spoiled gradi-
ent echo images, fat usually has the brightest signal and
water-fat separation can be performed using a simple
image intensity threshold.

Recently, an artifact was identified during late gado-
linium-enhanced myocardial infarct imaging using an
inversion recovery balanced steady-state free precession
(IR-bSSFP) technique (6,7). This artifact is a spatial dis-
placement of tissues and was shown to be due to a
magnetization phase change resulting from incomplete
magnetization recovery between subsequent inversions.
This newly recognized IR-bSSFP imaging artifact is a
result of the gradient refocusing and the reuse of mag-
netization. The phase change causes an image displace-
ment of long T1 species (cerebrospinal fluid and fluid-
filled cysts). With specific imaging parameters (which
are commonly used in late gadolinium-enhanced infarct
imaging), long T1 species are displaced in the phase-
encoding dimension by half of the imaging field of
view.

The purpose of this study was to further develop and
evaluate an IR-bSSFP pulse sequence that exploits the
change in polarity of longitudinal magnetization after
inversion due to incomplete T1 recovery. Such a
sequence could provide tissue separation based on T1

relaxation differences for a variety of tissue types such
as fat and fluid.

MATERIALS AND METHODS

Theory and Technique Description

It has been reported that some structures appeared in
wrong locations using an inversion recovery steady-state
free precession imaging technique. Initially, it was
reported that this artifact was caused by oscillations in
the transient approach to steady state for regions with
long T1 relaxation times (6). It was later shown through
computer simulations, phantom experiments, and human
studies that this artifact is due to a change in phase from
k-space segment to k-space segment of the detected mag-
netization from species with long T1 relaxation times
such as cysts, fluid collections, and cerebrospinal fluid
(7). Depending on the number of k-space segments and
view ordering, structures can be replicated throughout
the image or displaced by half of the phase-encoding
field of view.
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This phenomenon was initially recognized as an image
artifact. In this paper, I show how this phase change can
be exploited to provide image separation based on T1

relaxation times. Conventional MR images are recon-
structed using matrices composed of rows acquired with
different phase-encoding gradient amplitudes. To avoid
significant image artifacts, the available signal or magnet-
ization must be consistent or at least smoothly varying
between neighboring rows or groups of rows (often
called k-space segments) (8). This is often achieved by
the use of ‘‘dummy’’ preparation pulses and/or collecting
data in the so called steady-state, a period when avail-
able magnetization is essentially constant.

When MR pulse sequences with repetition times less
than tissue T1 relaxation times are used, longitudinal
magnetization does not return to its equilibrium state
and it is possible to have inconsistencies in the raw data
matrix. One such case is bSSFP imaging (9). Magnetiza-
tion is reused, yielding increased signal from long T1

species. In the case of an inversion recovery sequence, if
the T1 relaxation time is much longer than the time
between inversion pulses, the inverted longitudinal mag-
netization does not have a chance to pass through the
null point, and longitudinal magnetization prior to addi-
tional inversion pulses may have an opposite polarity. If
phase encoding is performed such that interleaving of k-
space segments (odd and even k-space lines) is done
prior to image reconstruction, species with long T1 relax-
ation times will have an alternating phase in the raw
data reconstruction matrix.

This is equivalent to multiplication by �1 on alternat-
ing rows of the raw data matrix (7). This k-space data
multiplication is commonly used in MR image recon-
struction (often called fft_shift, swapping, or chopping)
and is equivalent to shifting the reconstructed image by
half of the field of view. One should note that this only
applies to long T1 species as the magnetization of short
T1 species will have passed through the null point and
have positive longitudinal magnetization in time periods
between consecutive inversion pulses. I will see that the
notion of ‘‘long’’ and ‘‘short’’ T1 relaxation times is rela-
tive to an imaging parameter, T180, in the divided inver-
sion recovery technique (DIRT) pulse sequence.

DIRT Pulse Sequence (Segmented IR-bSSFP)

The cause of the displacement of long T1 species in a
segmented IR-bSSFP pulse sequence follows directly
from the evolution of the magnetization during excitation
and recovery (7). Figure 1 shows a schematic of the
pulse sequence developed in this paper. The inversion
recovery pulse sequence provides an image with two
subimages divided in the middle based on T1 relaxation
times (Fig. 4) and will be called the DIRT.

One should note that the implemented DIRT pulse
sequence uses three segments. Only one segment is nec-
essary to generate an image with equivalent resolution of
the separated images. The first segment is used for mag-
netization preparation. The second and third segments
both collect k-space data matrices sufficiently sampled
so that image aliasing does not occur. This effectively tri-
ples total acquisition time. Alternatively, the repeated k-

space sampling in the third segment can be equivalently
view as doubling the field of view and hence doubling
acquisition time over that needed for unseparated image
acquisition.

Computer Simulations

Bloch equation simulations of the longitudinal (Mz) and
transverse magnetization (Mx) were performed to describe
the DIRT technique and its characteristics over a range of
delay times between inversion pulses (T180) at a field
strength of 1.5 T. Simulation parameters were pulse repe-
tition time ¼ 2.4 ms; echo time ¼ 1.5 ms; flip angle ¼ 50�;
a linear ramp of 10 radiofrequency pulses (10) was used
for steady-state preparation; 128 radiofrequency pulses/k-
space lines collected per segment, BW ¼ 1180 Hz/pixel
with linear filling of k-space. The tissues simulated were
fat (T1 ¼ 260 ms; T2 ¼ 80 ms), blood (T1 ¼ 1.6 sec; T2 ¼
200 ms), and fluid (T1 ¼ 4 sec; T2 ¼ 2 sec).

Subjects

Eleven subjects participated in this study (nine men, two
women; age 65.4 6 10.9 years). Two healthy subjects
underwent head imaging, six healthy subjects underwent
heart imaging, two healthy subjects underwent spine and
abdominal imaging, and one subject with known fat dep-
osition (11–14) in a chronic myocardial infarction under-
went heart imaging. The study of human subjects was
approved by the institutional review board. All subjects
signed an institutional review board–approved, Health
Insurance Portability and Accountability Act–compliant
consent form prior to study initiation.

MRI

Imaging was performed using a 1.5-T clinical scanner
(Siemens Magnetom Sonata, Erlangen, Germany), with
gradients capable of 40 mT/m and 200 mT/m/ms. In vivo
imaging sequence parameters were identical to those
used for computer simulations (pulse repetition
time/echo time/FA ¼ 2.4/1.2/50; matrix ¼ 256 � 512;
voxel size ¼ 2 � 1.8 � 8 mm; 128 phase-encoding lines
per segment; interleaved segments; BW ¼ 1180 Hz/pixel
with linear filling of k-space; ECG synchronization,
no averaging, T180 ¼ one and two heartbeats

FIG. 1. Schematic diagram of the DIRT pulse sequence. A bal-
anced steady-state free precession (bSSFP) refocused gradient-

echo acquisition follows an inversion pulse (180�) and is repeated
in three k-space segments. Data acquisition (DAQ) is performed in

the second and third segments, where the even and odd k-space
lines for image reconstruction are respectively collected. The first
segment is used for magnetization preparation (PREP). TI ¼ inver-

sion time; T180 ¼ time between inversion pulses.
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[approximately 1 and 2 sec]). Images were reconstructed
on the scanner and the phase-encoding field of view was
set such that it was twice the patient’s size. Water-fat
and fluid separation images were acquired to evaluate
the technique in the head, heart, and abdomen. In six
consecutive subjects, parallel short-axis slices from the
base to the apex of the left ventricle were acquired to
quantitatively evaluate the water-fat-fluid separation per-
formance of the technique. The vendor’s ECG gating was
used in each case.

Image and Statistical Analysis

Region-of-interest signal intensity (SI) measurements
were made in the LV blood pool, epicardial fat, pericar-
dial fluid, or cerebrospinal fluid and outside the body in
the same locations in both water- and fat-separated
short-axis heart images. The separation performance was
evaluated by calculating the percentage SI change. The
SI change for fat was calculated as:

100� ðSITissue¼Fat; Image¼Fat=SITissue¼Fat; Image¼WaterÞ

and the SI change for water and fluid was calculated as:

100 � ðSITissue¼Water or Fluid; Image¼Water=

SITissue¼Water or Fluid; Image¼FatÞ:

SIs of water, fat, fluid, and background noise in the
water and fat images were compared using a two-tailed

paired Student’s t test to evaluate the quality of the tech-
nique’s water-fat separation. Statistical analysis was per-
formed using Analyze-It, version 2.11 (Analyze-It Ltd.,
Leeds, England). A value of P � 0.05 was considered to
be significant.

RESULTS

Computer Simulations

Results from Bloch equation simulations (Fig. 2) showed
marked changes dependent on tissue T1 values of longi-
tudinal and transverse magnetization in the DIRT tech-
nique. One can clearly see the change in longitudinal
magnetization polarity (positive, negative, positive, nega-
tive) for fluid. Examination of the transverse magnetiza-
tion shows the available signal for three tissues and two
settings of the time between inversion pulses (T180).
Note that there is always a marked recovery of magnet-
ization during data acquisition resulting from the inver-
sion pulse. This recovery is stronger for short T1 species
but still occurs for long T1 species such as fluid.

Fat, as a result of its short T1, has a consistent transverse
magnetization in all three segments. Longer T1 species
such as blood and fluid have variable transverse magnet-
ization. With T180 ¼ 1 sec, both blood and fluid have
alternating transverse magnetization phase during data ac-
quisition. When the T180 time is increased to 2 sec, the
behavior of blood is similar to that of fat (consistent seg-
ment-to-segment phase, although with a negative sign).
With T180 ¼ 2 sec, fluid retains its property of alternating

FIG. 2. Bloch equation simulation: longitudinal (Mz) and transverse magnetization (Mx) is shown for three tissue types and two settings
of the T180 pulse sequence parameter. 6 Signs with arrows show segments with positive and negative transverse magnetization at the

k-space center. At the setting of T180 ¼ 1 sec, fat has positive magnetization, while blood and fluid have alternating phases. At the set-
ting of T180 ¼ 2 sec, fat and blood both have consistent phase between segments, while fluid has an alternating phase. An alternating
phase yields a spatial displacement after image reconstruction.
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phase. Note that alternating longitudinal polarity and
transverse phase will yield spatial displacement and sepa-
ration of tissues in the DIRT technique.

Simulations of the effects of increasing time between
inversion pulses (T180) (Fig. 3) showed that the signal of fat
remained essentially constant with the same phase in the
even and odd k-space lines. For the range of T180 times
studied, signal from fluid has an opposite phase in the even
and odd k-space lines. On the other hand, the phase of the
signal from blood changes as a function of T180. With short
T180s, it has opposite phase, and with longer T180s, the
same phase. A change in phase occurs at T180¼ 1100 ms.

In Vivo Experiments

High-quality images were obtained in all cases. Images
displayed in Fig. 4 from a healthy volunteer show excel-

lent fat and fluid separation. In DIRT fat-separation
images, due to the alternating phase of transverse mag-
netization, blood, myocardium, pericardial fluid,

FIG. 3. Bloch equation simulation of the transverse magnetization

(Mx) at the k-space center as a function of the time between inver-
sion pulses (T180) for three tissue types. For the range of T180

times studied, the magnetization phase for the even and odd k-
space lines of fat is always the same and conversely for fluid is
always different. There is a phase transition of the even and odd- k-

space lines for the transverse magnetization of blood. The phase is
initially opposite and then transitions to the same phase.

FIG. 4. Example DIRT images of a healthy volunteer in the four (top
row) and two chamber (bottom row) orientations of the heart show-

ing fat and fluid separation. Long T1 species are displaced in the
phase-encoding direction (upwards in four chamber images and to

the left in two chamber images). In fat separation as a result of their
relatively short T1 relaxation times, fat structures are not displaced
and remain in the bottom and right parts of the image. In fluid sep-

aration as a result of their relatively long T1 relaxation times, fluid is
displaced and is seen in the top and left parts of the image.

FIG. 5. Example thick slice projection DIRT images with fluid
separation, showing pericardial fluid and an MR myelogram.
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cerebrospinal fluid, and the gel from the ECG pad
applied to the patient’s chest are all displaced and fatty
tissues of the body and arm are not displaced. In DIRT
fluid-separation images, one can see pericardial fluid,
cerebrospinal fluid, and a renal cyst displaced, while
other tissues are not displaced. A thick slice with fluid
separation shown in Fig. 5 shows the fluid around the
heart and cerebrospinal fluid in the spine, resulting in
an MR myelogram. Note the excellent water-fat separa-
tion at the edges of the field of view, in spite of severe
magnetic field inhomogeneities and gradient field distor-
tions, as evidenced by the banding artifacts and warping
of the body.

In the patient with known fat deposition of a chronic
myocardial infarct, DIRT fat separation clearly showed
the fat deposition in the apex and apical septum of the
left ventricle (Fig. 6). In DIRT fat-separation images, the
blood and myocardial and cerebrospinal fluid tissues
were displaced, clearly depicting the fat deposition in a
myocardial segment with late gadolinium hyperenhance-
ment. In another healthy volunteer with a renal cyst
(Fig. 7, hollow arrows), fat and fluid separation perform
well over a large field of view. A signal void (filled
arrows) is also seen in the gallbladder, indicative of a
large gallstone. An application of DIRT fluid separation
in the head showed good separation of long T1 species,
including the eyes, cerebrospinal fluid in the ventricles,
and sulci (Fig. 8).

Quantitative Analysis

Representative short-axis water-fat–separated images are
displayed in Fig. 9 and the graphical results of the quan-
titative region-of-interest analysis are displayed in Fig.
10 and tabulated in Tables 1 and 2. Water-fat separation
performed well in all cases. Large percentage signal
changes were seen when comparing the SIs in the water
and fat images (Table 1). There was a significant differ-

ence in SIs of the same tissue type (fat, blood, fluid)
between water and fat images (Table 2). There was not a
significant difference between the background noise sig-
nal and the signal of the suppressed tissues (blood and
fluid in the fat image and fat in the water image).

FIG. 6. Four- and three-chamber DIRT

fat separation images of the heart,
showing fatty deposition (arrows) of the
apical myocardium in a patient with a

chronic myocardial infarction. Late gad-
olinium-enhanced (LGE) images show
the location of the apical infarct.

FIG. 7. Example images from a healthy volunteer showing fat and

fluid separation using the DIRT technique. A smooth bordered
mass is present in the right kidney (open arrows) and is displaced
to the fluid only image, consistent with being a renal cyst. Also, a

signal void is seen in the gallbladder (filled arrows), consistent
with a gallstone.
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DISCUSSION

In this study, I have described, analyzed and presented

initial results from a novel MRI method. The DIRT is

based on a segmented IR-bSSFP pulse sequence. My

results indicate the DIRT technique is an effective means

of creating MR separation images based on tissue T1 val-

ues. Water-fat separation and fluid separation are two

straightforward applications of this technique. The tech-

nique is similar to the Dixon method, which utilizes dif-

ferent Larmour frequencies rather than T1 relaxation

times to alter the phases of target tissues (4).
There are numerous strategies, pulse sequences, and

protocols for fat and fluid identification and quantitative
analysis. Fat suppression using a chemically selective ra-
diofrequency pulse is sensitive to main magnetic field
inhomogeneities and difficult to apply to bSSFP imaging
due to the continuous pulsing required to maintain a
steady state (15,16). The DIRT technique utilizes the
short T1 of fatty tissues, as is commonly used in short
inversion time recovery imaging (17), to provide water-
fat separation and suppression. bSSFP images are typi-
cally acquired such that water and fat signals are 180�

out of phase (18), resulting in a black line artifact. Pixels
having signal contributions from both water and fat mol-
ecules will have signal cancellation and produce black
line artifacts. The water-fat separation DIRT technique
removed the black line artifact resulting from this
opposed-phase signal cancellation. DIRT may find use as
a fat saturation alternative for MR angiography and for
the identification of lipid pathology such as lipomas and
fatty infiltration of the right ventricle (19). Fluid or
edema imaging is often performed using long echo time
turbo-spin-echo imaging (20,21). The advantages of the
DIRT technique can only be gleaned by direct compari-
son with existing techniques, which has not been per-
formed in this paper. One advantage of DIRT separation
(and MR separation methods in general) is that it pro-

vides not only suppressed hypointense tissue images
(22) but also hyperintense tissue images of the sup-
pressed species.

Since DIRT separation is based on T1 values, the sepa-
ration performance is not dependent on main magnetic
field homogeneity. Banding image artifacts are still prob-
lematic in areas of magnetic field inhomogeneities
because the current implementation is based on bSSFP
imaging. There exist methods (23–27) compatible with
DIRT separation to reduce and eliminate these artifacts,
but they will extend imaging times due to the collection
of multiple acquisitions.

There are several pulse sequence parameters in the
DIRT technique that will affect both image contrast and
separation. I have studied the T180 parameter and three
tissue types. Adjustment of the time between inversion
pulses (T180) changed the resulting separation. T180 ¼ 1
sec consistently yielded water-fat separation and T180 ¼
2 sec consistently yielded fluid separation. I have not
studied the effects of flip angle, number of k-space lines
collected per segment, or the effects of recovery during
data acquisition. Since the DIRT technique utilizes an
inversion recovery pulse, images are inherently T1

weighted. Other weightings may be added such as diffu-
sion and T2-preparation, but removal of the T1-weighting
component may not be possible.

In this paper, image reconstruction in the DIRT tech-
nique was performed on the MR scanner. The raw data
matrix was constructed from odd and even k-space lines
collected into two data acquisition segments. Image
reconstruction was performed with a standard inverse
Fourier transform. This provided a single image with
two parts, short and long T1 values. Alternatively, sepa-
rate images can be reconstructed from the odd and even
k-space lines and then the complex images can be added
and subtracted to form equivalent short and long T1-val-
ued images. Images from the odd and even k-space lines
may include additional information. This image

FIG. 8. Axial images of the head
from a healthy volunteer, show-
ing DIRT fluid separation.

FIG. 9. Short-axis DIRT water-fat
separation of the heart. Water-

fat separation is achieved based
on T1 differences, rather than

resonant frequency differences,
and is therefore insensitive to
magnetic field inhomogeneities.
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reconstruction process is similar to early water-fat sepa-
ration techniques based on in- and opposed-phased
imaging.

Often discussed and desired is the steady state
obtained in ‘‘fast’’ MR pulse sequences. This steady state
is a result of multiple radiofrequency pulses. In this pa-
per, I have shown that there is another steady state in
segmented pulse sequences. This would be a ‘‘segment’’
steady state where one would like to have the same sig-
nal in consecutive segments, rather than after consecu-
tive radiofrequency pulses. The DIRT technique makes
use of this change in magnetization in consecutive seg-
ments, specifically when there is a change in the polarity
of longitudinal magnetization and resulting change in
phase of the sampled transverse magnetization. One
should note that one would like the magnitude of the
magnetization to be equal in neighboring k-space lines.
A change in magnitude will negatively affect separation
performance.

In this paper, in vivo experiments were limited to
T180 times of 1 and 2 sec. These settings came about
naturally due to the use of cardiac gating in the pulse
sequence. One second, with the pulse sequence triggered
on every heartbeat, and 2 sec trigger on every other
heartbeat with a resting heartbeat, without any MR gradi-
ent or radiofrequency pulsing. When cardiac gating is
not required for imaging of the heart and blood vessels,
the choice of T180 is flexible and could be further
optimized.

Image separation methods have many applications
(28–32). Identification of tissue types is simplified by
identifying tissues in any single image rather than
assessing relative contrast between neighboring tissues

in images weighted by intrinsic MR parameters such as
T1, T2, or spin density. Separation methods provide
images that can be efficiently processed with simple
thresholding algorithms to measure object two-dimen-
sional areas or three-dimensional volumes. Application
of parallel imaging techniques (33,34) could be per-
formed to improve the shortest possible inversion time
with prescan, self-calibration, or calibration collected
from the first inversion segment where no data acquisi-
tion has been used.

I have not investigated many limitations of the pro-
posed technique. This includes the limitations of T1

relaxation separation. The method performed well for
separating relatively short and long T1 species. I have
not demonstrated that smaller T1 differences can be sep-
arated, such as between gray and white matter in the
brain or viable and nonviable myocardium in late gado-
linium-enhanced infarct imaging. This may be possible,
but is beyond the current initial study. The blurring due
to effective addition and subtraction of images with dif-
ferent point spread functions has not been studied. Point
spread functions for inversion recovery single-shot pulse
sequences are often complicated by the fact that nulling
a broad range of high spatial frequencies is difficult due
to magnetization regrowth during data acquisition. Rem-
nant ghost could be problematic for midrange T1 relaxa-
tion times and was not studied in this paper. Subjects
were studied with normal heart rhythms and R-R inter-
vals in the range of 900-1100 ms. This allowed the set-
ting of the T180 parameter to be the R-R interval. This
may be problematic in patients with arrhythmias, tachy-
cardia, or bradycardia.

CONCLUSIONS

Separation and identification of tissues based on their T1

relaxation times can be achieved using a segmented IR-
bSSFP pulse sequence. Tissue separation is achieved as
a result of a phase change of the transverse magnetiza-
tion resulting from incomplete magnetization recovery of
relatively long T1 target tissues following in inversion
pulse. Fat and fluid separation are two feasible applica-
tions of the DIRT technique.
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