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Effect of Water Fraction in Selection of Optimal TI Value
for STIR Sequences

Hideharu Sugimoto, Osamu Sakai, Takeshi Shinozaki, Tadashi Ohsawa, and
Tokunori Kimura

Objective: This article describes the effect of the water fraction in the selec-
tion of the optimal TI value in a STIR sequence. This effect has been given
little consideration in previous studies.

Materials and Methods: Therefore, using both STIR combined with the
Dixon method (opposed-phase STIR) and conventional STIR (in-phase STIR),
we have investigated the effect of the water fraction in the selection of an
optimal TI value for the STIR sequence.

Results: Our findings have indicated that the water protons rather than the
olefinic protons (—CH=CH —) play a major role in the opposed-phase effect

in vivo.

Conclusion: Thus, it has been concluded that the most effective fat suppres-
sion can be achieved when the intravoxel phase cancellation effect between the
water and lipid protons is maximal, rather than when the longitudinal magne-
tization of the lipid protons is minimal.

Index Terms: Magnetic resonance imaging, techniques—Inversion recov-

ery—Magnetic resonance imaging.

In the short inversion time inversion recovery
(STIR) sequence, the inversion time (TI) is adjusted
to suppress the longitudinal magnetization of pro-
tons present in adipose tissue (1). In such instances,
the TI value is chosen either by a simple calculation
using the published TI value of adipose tissue (2,3)
or by imaging volunteers with different TIs (4). In
this regard, TI tuning using spectral display has re-
cently been reported as being useful in selecting the
optimal TI for the suppression of fat protons (5).
However, it must be kept in mind that lipid protons
are not the sole constituent of protons in adipose
tissue.

Water also constitutes a part of adipose tissue,
and it has been extensively investigated in relation
to measurements of adipose tissue mass. The mean
+ SD water fraction of the human body is said to be
15.3 + 5.0%, and it does not vary significantly in
any part of the body (Fig. 1) (6). Therefore, these
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water protons in the adipose tissue should not be
ignored when designing a pulse sequence for proton
chemical shift imaging. If the aim is to achieve a
complete suppression of normal adipose tissue,
then both water and lipid protons should be sup-
pressed.

In the magnitude mode, the phase information of
the IR sequence is ignored in the reconstruction
process. However, when two or more kinds of pro-
tons precessing with different frequencies are
present in the voxel, the phase effect is bound to
affect the signal intensity. Herein, we describe the
effect of the water fraction in the selection of the
optimal TI value in a STIR sequence, an effect that
has been given little consideration in previous stud-
ies (1-5).

MATERIALS AND METHODS

Theoretical Signal Intensity Analysis

In the IR sequence, the initial longitudinal mag-
netization (+ Mz) is tipped toward a negative direc-
tion (— Mz). Further, it is assumed that in the opti-
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Water content (%) mal TI (TI,,), protons of adipose tissue have no net

100 longitudinar magnetization (|Mz,gipose| = 0) at their
exposure to a 90° pulse for SE acqu1smon How-
ever, because ~15% of adipose tissue is water (6),
- the net longitudinal magnetization in the voxel is
50 not zero (|Mz,,..[| # 0) when the TI is selected to
- suppress the lipid protons (— CH, — ) (point a in Fig.
L. - 2a). Therefore, when the Tl is shorter than the zero

- cross-point of the lipid protons, the longitudinal
’ Abdominal magnetization of the lipid protons in the voxel
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FIG. 2. a: Longitudinal magnetization of water and lipid protons in the STIR sequence. Point a represents the zero cross-point
of the lipid protons. Points b and c represent the Tls at which |Mz,,,.] €quals |Mz,,4|. b: Pulse diagram of the OPIR and IPIR
sequences. Instead of the read gradient being shifted from TE as in Dixon's original description, a 180° refocusing pulse was
shifted to obtain an opposed image in the OPIR sequence. ¢: The magnetization vectors of the water and lipid (aliphatic) protons
in the OPIR and IPIR sequences. The left and right columns represent magnetization at points b and ¢ of (a). In both sequences,
the water and lipid protons are brought to either the opposed phase or in phase at the time of data acquisition. d: The OPIR and
IPIR signal intensity profile in the magnitude reconstruction mode. Points a, b, and ¢ correspond to these points in (a). The
intensity profiles of OPIR and IPIR are identical, but the OPIR signal has shifted toward the negative direction of the Tl axis. The
OPIR signal intensity is much lower than the IPIR signal when the Tl is shorter than the OPIR-IPIR intersection.
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opposition to the direction of Mz,,,., (point ¢ in
Fig. 2a).

Opposed-Phase STIR

The asymmetric SE (ASE) technique was origi-
nally described by Dixon (7) as being a simple spec-
troscopic imaging technique; by this method, when
an appropriate offset value (1/2) of the 180° refocus-
ing pulse is chosen, opposed images of the fat and
water protons can be obtained. The opposed-phase
STIR (OPIR) is a modified STIR sequence in which
the ASE is used to acquire the Hahn echo signal
(Fig. 2b). Therefore, should the TI be shorter than
the zero cross-point of the lipid protons, the OPIR
will yield opposed images of the water and lipid
protons (Fig. 2c, left). However, the signal intensity
of the adipose tissue is much lower than that of
in-phase STIR (IPIR) images, since the net OPIR
magnetization (|Mz,....| — |Mz;,4) is lower than
that of the IPIR (|Mzy, o] + |Mzji4l). Conversely,
when the TI is longer than the zero cross-point of
the lipid protons, the net OPIR magnetization is
(IMzyuerl + [Mzyinial) (Fig. 2c, right). This is be-
cause the ASE converts the out-of-phase lipid and
water protons to in-phase at the time of signal ac-
quisition. The net IPIR magnetization in this condi-
tion could be (|Mz,..,| — IMz;,.D). Therefore,
OPIR provides less effective fat suppression than
does IPIR when the Tl is longer than the zero cross-
point of the lipid protons. Figure 2d shows the ex-
pected OPIR and IPIR signal intensity profiles.
Points a, b, and ¢ correspond to the same points
shown in Fig. 2a (Appendix). (In this section, water
protons were used, for the sake of simplicity, to
represent protons in the opposed phase to the ali-
phatic protons. For a more complete description,
the contribution of olefinic protons must be de-
scribed; however, at the zero signal axis, their con-
tribution would be small.)

MRI

All studies were performed with an MRT 200 FX/
II (Toshiba, Tokyo) equipped with a superconduct-
ing magnet operating at 1.5 T field strength. The
STIR images consisted of a TR of 2,000 ms and a
TE of 30 ms. Further, a TI from 130 to 170 ms was
used. To eliminate cross-talk, a single slice with a
section thickness of 5 mm was obtained. The field
of view was 25-35 cm, and the image matrix was
128 x 256 with one excitation. First-order gradient
moment nulling was applied in both slicing and
reading gradients. The total imaging time of each
sequence was 4.3 min. All images were recon-
structed in the magnitude mode. In this study, the
offset of the OPIR 180° pulse (7/2) was set at 1.1 ms,

giving a half-cycle change for the 220 Hz chemical
shift.

Volunteers

Six healthy, nonobese volunteers (3 men and 3
women, 22-50 years old) were studied to evaluate
IPIR and OPIR signal characteristics. In four of
these volunteers, the axial section through the orbit
was obtained. A coronal section through the neck
(at the level of the deep cervical lymph node chain)
was obtained from one volunteer and through the
pelvis (at the level of the vagina) from another. For
imaging of the orbit, a quadrature coil was used for
the transmitter and receiver. For imaging of the
neck, a specialized neck coil was used as a receiver.
For imaging of the pelvis, a body coil was used for
the transmitter and receiver. With TR (2,000 ms)
and TE (30 ms) kept constant, T1 was set at 130,
140, 150, 160, and 170 ms. Both IPIR and OPIR
were obtained in the same settings of the TR, TE,
and TI.

Retrobulbar fat, subcutaneous fat, and perirectal
fat were used to represent adipose tissue in each
region. The signal intensity of adipose tissue was
measured by using a cursor-defined region of inter-
est and plotted as a function of the TI. These points
were then interpolated and the crossover point of
the OPIR and IPIR was obtained from graph soft-
ware (CricketGraph, version 1.3.1).

Patients

To confirm an intravoxel phase cancellation ef-
fect, 27 patients were studied using both the IPIR
and the OPIR sequences. The imaging areas were
the orbit (13), neck (12), pelvis (1), and hips (1). The
number of cases for each TI is shown in Table 1.
The same coils used in the study of volunteers were
used for the imaging of the orbit, neck, and pelvis.
For imaging of the hip joint, 15 ¢cm surface coils
with Helmholz configurations were used. The study
was performed following conventional T1-weighted
and/or T2-weighted imaging. In this system, 8-10
slices could be obtained in the Tl range. The IPIR

TABLE 1. No. of cuases for variety of Tls

TI (ms)
Ne 120 130 140 IS0 160 170  Total
cases 4 4 8 ] 2 4 27
Region
Orbit | 6 3 2 | 13
Neck 3 3 2 1 3 12
Pelvis 1 1
Hip | 1
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and OPIR imaging parameters were otherwise iden-
tical to those in the study of the volunteers.

Signal difference/noise ratio (SD/N) was calcu-
lated between lesions with the most conspicuous
appearance and the surrounding adipose tissue. The
SD/N was defined by the following formula: SD/N
= (§, — S,)/noise, wherein S, is the signal intensity
of lesions and §, is the signal intensity of adipose
tissue. By dividing the SD/N of the OPIR by the
SD/N of the IPIR [(SD/N)OPIR)/(SD/N)")]R], the rel-
ative SD gain in the OPIR (Ggpig) Was obtained.

RESULTS

Volunteers

The interpolated signal intensities of adipose tis-
sue in IPIR and OPIR crossed each other from 150.2
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to 157.1 ms of the TI (average 154.0 + 2.9 ms) (Fig.
3a). When the TI was shorter than the intersection,
OPIR was more effective in suppressing the adipose
signal than IPIR. Conversely, when the TI was
longer than the intersection, IPIR proved to be
more effective (Fig. 3 and ¢). In both sequences, the
nadir of the intensity profile was near the noise
level. No significant difference was noted in the
configuration of the intensity profile among the lo-
cations. Visual inspection revealed that OPIR and
IPIR were similar in terms of fat suppression when
the TI was 150 ms.

Patients

The Ggpg at each TI is shown in Fig. 3. It was
highest at TI = 140 (ms) (Fig. 4). The standard

FIG. 3. a: Interpolated signal intensities in a represen-
tative case (pelvis of a 32-year-old woman). The intensity
profile is similar to the one in Fig. 2c. b: Coronal OPIR
images of a female pelvis (from left to right: TI 130 ms, TI
140 ms, Tl 150 ms, Tl 160 ms, Tl 170 ms). The signal
intensity of perirectal fat is increased as the Tl is pro-
longed. Incidentally, a follicular cyst is evident in the left
ovary. ¢: Coronal OPIR images of a female pelvis (from
left to right: T1 130 ms, Tl 140 ms, Tl 150 ms, T1 160 ms,
Ti 170 ms). The signal intensity of the perirectal fat is
decreased as the Tl is prolonged.
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FIG. 4. Diagram of Tl versus G, Vertical line represents a
1 8D error bar.

deviation of Ggpg Was the least at TI = 120. At a
TI of 160 or 170 ms, the Gypg Was <1 because of
better fat suppression with IPIR than with OPIR.
The (SD/N)gpir Was found to be ~50% higher than
the (SD/N),pir at TI = 140. On the other hand, the
(SD/N)opir Was 20% lower than the (SD/N)ipir
when the TI was 160 or 170 ms.

Figures 5 and 6 were representative cases. The
images were displayed with the same window level
and width to show the degree of IPIR and OPIR fat
suppression. Each image appeared identical, except
for a better suppression of adipose tissue on OPIR
than on IPIR in Fig. 5 and a better suppression on
IPIR than on OPIR in Fig. 6.

FIG. 6. Coronal orbital images. A 54-year-old woman with
right pseudotumor. Tl = 160 ms. In contrast to the previous
case, more effective fat suppression was demonstrated on
IPIR (top) than on OPIR (bottom). Note almost total absence
of signal from the orbital fat on IPIR.

FIG. 5. Coronal orbital images. A 41-year-old man with right
orbital pseudotumor. Tl = 130 ms. More effective fat sup-
pression was achieved on OPIR (bottom) than on IPIR (top).

DISCUSSION

Several methods are used to determine the Tl in
the STIR sequence. In one method, the TI,, is cal-
culated by using the published T1 values for adipose
tissue. The main drawback of this method, how-
ever, is the wide disparity in the reported T1 values
(8.9). But more precise measurements of tissue re-
laxation times have recently been reported in an
animal study (10), so that this disparity may become
less of a problem in future human studies. The sec-
ond method is to perform a preliminary study in
volunteers or in patients to determine the Tl,, of a
given system by taking multiple images while
changing the TI values (4). However, the TIOE, may
differ among individuals or even change within the
same person, depending on the body site (5,11). The
third method is to use a TI tuning technique (11),
through which the TI that produces the lowest fat
peak is determined by observing the fat signal peak
during manual increment of the TI. It has been
noted, however, that the TI selected by means of T1
tuning is not identical to the TI that produced the
lowest experimentally measured fat intensity (5).
Often the TI selected by TI tuning is shorter than
the TI of the minimal fat intensity.

Based on the results of our study, it is apparent
that the discordance in the TI tuning method is due
to the presence of protons precessing at the same
frequency as water in the adipose tissue. Because
TI tuning provides the TI values to suppress the
aliphatic protons selectively, these Tls do not sup-
press the entire longitudinal magnetization in the
voxel. The TI that produces the lowest measured
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fat intensity corresponds to point a in Fig. 2a. The
minimal fat intensity is given at point c. Therefore,
TI tuning gives a shorter TI than a TI of minimal fat
intensity.

Adipose tissue has two kinds of protons that pre-
cess at the same or almost the same frequency of
water protons: water protons and the olefinic fat
protons of the lipid molecules. With respect to the
latter, the phase effect of olefinic fat (-CH=CH -)
has been recently investigated with a combined
chemical shift and phase-selective sequence in vitro
(12). Although the study included some clinical
data, it did not support the concept that all protons
with an opposed phase to aliphatic protons are real-
ly olefinic fat protons in human adipose tissue. Ap-
proximately 5% of the fatty tissue protons are com-
posed of olefinic fat protons, whereas ~15% of the
content of adipose tissue is water (6) (Fig. 1). Fur-
ther, the TI of the —CH = proton (339 = 21 ms) is
much closer to that of the — CH, — proton (257 + 7
ms) than to that of the water proton (963 * 77 ms)
(13). Therefore, water protons must play a quanti-
tatively major role in the opposed-phase effect at
the TIs used in this study.

As the pulse sequence for fat suppression is orig-
inated on the basis of phase contrast, chemical sat-
uration (frequency-selective pulse), or the relax-
ation rate mechanism, and since each of these meth-
ods has its disadvantages, a hybrid approach is
recommended (14). Therefore, from this and other
(12) studies, a method for devising a hybrid ap-
proach for fat suppression is schematically summa-
rized in Fig. 7. When using the chemical presatura-
tion technique, magnetization with frequencies dif-
ferent from aliphatic protons does not remain
suppressed. However, by combining the chemical
saturation method and the phase contrast method, it
is possible to suppress the entire longitudinal mag-
netization in adipose tissue. In the STIR sequence,
residual longitudinal magnetization of adipose tis-
sue due to an imperfect TI setting can be cancelled
by the phase contrast technique.

Although both IPIR and OPIR can cause the
same degree of adipose suppression at the appro-
priate TI setting, OPIR has several advantages over
IPIR because of its shorter TI. First, OPIR signal/
noise ratio is better than that of IPIR. Further, the
improvement of the (SD/N)gpir in the shorter Tls is
greater than that of the (SD/N);p in the longer Tls,
because a larger longitudinal magnetization of the
water protons in the lesions is available at shorter
than at longer TIs. Second, more slices can be ob-
tained in OPIR than in IPIR.

Paramagnetic contrast agents are not recom-
mended with a relatively long TR STIR sequence,
since they shorten both the T1 and T2 relaxation
times (1,15). However, a recent study has indicated
that Gd-DTPA enhancement is achievable with a
short TR STIR (16). Therefore, a short TR STIR
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pression sequences.
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combined with the Dixon method may be the most
appropriate sequence for fat suppression, unless ef-
fective chemical saturation is achievable with cer-
tain specialized equipment.

In bone marrow imaging, a susceptibility-induced
signal loss due to bone trabeculae can present a
problem in OPIR. However, this effect is small if
the offset TE value is in the range of 1.1 ms (17).

To conclude, TI tuning does not give the exact T1
value that is able to suppress the entire longitudinal
magnetization in adipose tissue. Further, it is
mainly the water proton that is responsible for the
opposed-phase effect when employing the com-
bined chemical shift and phase contrast method. Fi-
nally, the opposed-phase STIR sequence has some
advantages over an in-phase STIR sequence, since
it allows for a better signal/noise ratio and more
slices.

APPENDIX

The intersection of OPIR and IPIR can be obtained by
a numerical analysis using the following formula to ex-
press the signal intensity (SI) of an IR sequence, wherein
N(H) is the proton density, assuming TE < TR:
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SI = NH)|1 -2 _n + _IR
I = N(H) exp T1 exp T1
-TE
exp Ev

In adipose tissue, the mean water and fat fractions were
~15 and 85%, respectively. The mean density of human
fat is 0.9000 g/ml (18), and it contains a negligible amount
of fat-free solids. More than 99% of the lipid is triglycer-
ide. Therefore, 1 ml of adipose tissue contains 0.135 g
water and 0.765 g triglyceride. The fractions of hydrogen
protons in water are ~0.135(2/18) = 0.015. Thus, if the
adipose fatty acid is composed solely of oleic acid, the
molecular formula will be CeoH,,50,, and the fraction of
the hydrogen proton 0.765(113/929) = 0.093. Therefore,

N(H,):N(H, 0er) = 1:0.16

The T1 and T2 of the — CH, and H,O of adipose tissue
were adapted from the study by Luyten et al. (13). These
values were obtained from subcutaneous fat by using spa-
tially resolved spectroscopy at 1.5 T:

Tley, = 252ms  T2¢y, = 131 ms
Tlyue = 963 ms  T2,.0 = 44 ms

water

On substituting these numbers in Eq. Al, the SI can be
plotted as a function of the TI. In this condition, the in-
tersection of the OPIR and IPIR is then ~175 ms. Various
parameters potentially explain the disparity between this
figure and the results in normal volunteers. However, the
largest contributor to this disparity would be the T1 of the
fat.

(AD)
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