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A new technique of real-value representation in inversion-recovery (IR) tmaging by use
of a phase-correction method is proposed. In this scheme. negative magnetizations at the
beginning of the inversion point (7} ~ 0) are correctly represented as negative values rather
than positive. By use of this new scheme, a consistent IR image set as a function of several
inversion times ( 77) can be obtained. The latter, i.¢.. consistent image set which represents
the real value of 7', weighted images at several inversion times is important in the search
for tumors and abnormalities since the inversion time (77) in the pulse sequence strongly

affects 7 contrast. ¢ 1986 Academic Press. Inc

INTRODUCTION

Among the NMR imaging pulse sequences (/-6) most often used the inversion—
recovery (IR) imaging sequence is least used for a number of reasons. First, the imaging
time of IR imaging is usually longer than the time needed in the saturation-recovery
(SR) imaging. and second, images obtained at different inversion times (7}) appear
with contrast reversal at certain inversion times 77, e.g.. at short times 7, (7-11). This
contrast reversal is the result of the fact that conventional IR imaging usually takes
the magnitude of the signal thereby eliminating the polarity information of the signal
(7.9, 11). This phenomenon has sometimes caused confusion in image interpretation.
More recently. tumor and other abnomalities can be identified using a SR pulse se-
quence with a combination that uses a long echo time 7% as well as long repetition
time Tg.1.e., as long as 100 ms and 2.0 s or more, respectively, to enhance 75 depen-
dency of image contrast (7, 9). Due to these increasing trends of imaging time, interest
in IR imaging seems to be reviving and new approaches for the improvement of the
IR imaging arc being sought (7-11). Among these approaches, in a method according
to Bakker ¢r «l. the signal polarity has been recovered by using a set of inversion~
recovery NMR images obtained with several different inversion times (/0).

In this paper, a simple phase-correction scheme with which it is possible to accurately
estimate the phase and polarity is proposed. The consistent results of this scheme in
clinical trials indicate the usefulness of the method in tumor identification. With this
technique, no abrupt contrast reversal is observed over the entire range of inversion
time (7). therefore. the results arc much more consistent for tumor indications. In
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the following, the theory associated with the phase correction in IR imaging and sub-
sequent experimental verification of the proposed method will be given,

THE THEORY OF INVERSION-RECOVERY (IR) IMAGING (7-11)

Conventional SR imaging is employed to generate T'\-dependent spin-density images.
Inversion-recovery (IR) imaging is believed to enhance further 7, dependency of
image contrast compared to SR and SE (spin-echo) imagings. usually by a factor of
two In image contrast affected by 7. Let us briefly review the conventional IR pulse
sequence which often uses spin echoes for convenience (see Fig. 1) (8).

In this sequence, at first. 180 inversion f pulse (the first rf) is followed by a 90°
rf pulse (the second rf) with inversion time interval T}. Usually both 180 and 90° rf
pulses are slice-selective pulses in conjunction with = gradient (. (= axis is a selecting
direction) for a single slice imaging. A spin echo produced by an additional 180°
selective rf pulse (the third rf) is usually used for practical convenience. 1 gradient G,
is used for phase encoding while v gradient (G, is being applied for the FID or echo
signal readout. Analytically. the echo signal (sometimes noted as FID) which is obtained
with the above described pulse sequence (see Fig. 1) can be written as

Silte 1)) = f f dxdyp(x, Vexp(iynG oo, + yrGy,) [1]

where

'1'[: + I
m(x, 1) = p(x, v)expl — — T

1] Tw — T¢/2 1,
X {l 2 cxp(~ V'I‘I) + 2 cxp( —R—Ti) - exp(” 75)}
1 1 1

and p(x, 1) is 2-D spin-density function, v is gyromagnetic ratio. and symbols given
by Tx. 71, T. G, G, 1., and 1, are the parameters given in Fig. 1. For simplicity, let
us eliminate the 75-dependent term exp(— (7} + 1)/7T5) in Egs. [1] and [2]. In Fig. 1
and real experiment, varying amplitude (g) and fixed pulse duration (T,) are used for
the y gradient. But variable 7, and fixed value (7, are used instead of 7, and &y, Te-
spectively, for mathematical convenience in these equations. By taking the Fourier
transform of the echo signal Sy(/,, 1,). a T\-dependent spin-density image function
Nw,. w,) can be obtained. i.c.,

-

./i(w\'* w}') = 72[5‘[(,‘\1 ,}'): [x' T Wy, ’y - w}'] [3]

where w, = yG\x. w, = yG, 1, and F5[-] is the 2-D Fourier transform operator. As
can easily be shown from Eq. [2], the polarity of the signal is dependent on the inversion
time 7} and spin-lattice relaxation time 7). When an object consists of regions having
different 7' values but with same spin densities, the region with shorter 77 should
have larger values than regions with larger 1y values. This contrast should be consistent
throughout the inversion time 7}, although contrast ratio could vary with difterent 7;
values.
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F1G. 1. Pulse sequence for the conventional inversion—-recovery imaging using the magnitude method.

For tumor imaging, due to the unknown nature of various tumor spin-lattice re-
laxation times 7, IR imagings with several difterent 77 values are usually necessary
and information on the nature of tumor and abnormalities can be deduced from those
sets of data. Interpretation of IR images will be extremely confusing and even destruc-
tive if image contrasts are changed abruptly at a certain inversion time 77. It will be
most desirable to show an image set whose contrasts vary continuously as a function
of inversion time 7}. As has been mentioned, however, the image contrasts are reversed
at short 7; values since echo signals obtained by a conventional IR technique are
processed by a magnitude method such as the following.

Magnitude Technique and Contrast Reversal at Short 1) Values (12, 13)

Let the experimentally obtained echo signal by the pulse sequence shown in Fig. |
be given by R
Si(te. 1) = Silt, = B. t)explic) [4]

where g and « are the phase-shift terms. 8 mainly results from rise and fall times of
gradient pulses. effect of eddy currents on gradient pulses, and frequency-dependent
phase delay of electronic circuits. « is the constant phase shift resulting from the phase
delay of electronic circuits such as low-pass and bandpass filters and other electronic
channels.

To obtain 7, weighted spin-density image fj(w,. ,) from the experimentally obtained
echo signal of Eq. [4]. a 2-D Fourier transform of Silty. t,) is taken as follows:
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Hlw,. w,) = f f d(\dI},S](IV\. 1)expl —i(wdy + wd,)}

= f f didt, S\(t, — B, 1,)explic)exp| —i(wyl, + w )} [5]

The reconstructed fj(w,, w,) of Eq. [5] can be represented with ideal T, weighted spin
density fi(w,, w,) with phase-shift terms, i.e..

fl(w\ (.1)‘) - /] C \)Cxpl (” - 6‘0\)1 [6]

Therefore, 7', weighted spin dcnsity_/l(w,‘., w,) which is given by Eq. [3] can theoretically
be reconstructed from f(w,. w,) obtained from Eq. {5], if the phase-shift terms (58 and
) are known. In conventional IR imaging, however, the magnitude technique is used
to obtain 7' weighted spin-density images, i.c., by simply taking the magnitude of Eq.
[6]. T weighted spin density f{(w,. w,) can then be obtained as a magnitude form. i.c..

|.ﬁ(w\~ w_\')l = I./i(w\~ wy)|~ [7]

Although Eq. [7] eliminates the phase-dependent terms by taking magnitude, this
lcchmque rcsulls n polarm reversal for the negative values of spins at short 7} values,
since . w,)| always become positive. The images obtained by this
technique, lhercforc can be misinterpreted, especially when echo signals (or FID sig-
nals) are obtained at short inversion time 7;. Results of this effect are illustrated in
Fig. 2 where two exponential lines indicate the recovery process of two materials
having difterent relaxation times. The cffect of this contrast reversal obtained exper-
imentally with a human brain often results in misinterpretation of the images as will
be shown latter.

FIG. 2. Relaxation of longitudinal magnetization (A1.) after 180° inversion rf pulses. The initial negative
magnetizations (solid lines) are inverted to positive values (dotted lines) by taking magnitude.
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NEW PROPOSED PHASE-CORRECTION SCHEME FOR THE REAL CONTRAST VALUE
REPRESENTATION OF IR IMAGE

To avoid the polarity reversal in the IR images and climinate phase errors, 8 and
« given in Eq. [6] should be either evaluated or measured. In the proposed new scheme,
3 and « are measured and calculated from experimental data obtained from the con-
ventional saturation—recovery (SR) pulse sequence using the spin-echo technique and
are used for the IR imaging. Although some flow effects are expected, it is assumed
in this paper that cither the flow components are relatively small compared with
stationary components or flow velocity is negligibly small.

Evaluation of 8 and «

At first, 8 is measured in the saturation-recovery mode with g, = 0 (where the echo
signal is at maximum in the y direction) in reference to the ideal echo time (¢, = 0),
i.c.. B is estimated by the following relation:

Sitr. 0) < |SyB. 0) = S0, 0))  forall ., (8]

where 5‘;(1;\. t,) and S(t,. t,) are the phase-error corrupted and ideal echo signals
obtained by SR sequence. respectively, and the equality is valid when 7, = 8. It should
now be observed that S‘”S(r\, 1,y and Sy(,. ¢,) are equal to S‘[(l\,. 1) and Si(1y. 1,). re-
spectively. except that p(x. ») is replaced by py(\, }) which is given as

Te + 1, Te — T/2 T
pdx 1) = plx, _\')cxp(" —‘al, ){1 -2 cxp(w R [i) + exp(f TR)} [9]
2 1 1

From Eq. [9] it is easy to sce that py(x, y) is always positive and real at any echo time
Ty and repetition time 7x. Therefore, Eq. [8] is always valid since py(x. 1) which is
the Fourier transform of S(7,. ¢,) is a positive real value. In practice, additional care
should be taken to confirm that the peak value SJ{(B. 0) is correctly sampled so that
estimation is exact. A useful way of avoiding errors in the 8 measurement is oversam-
pling in the echo signal domain. Another solution to sampling dependent error elim-
ination is the use of some numerical data treatment techniques such as Lagrange
interpolation (discussed in the Appendix).
Now, from the estimated 3, « can be calculated by

« = tan ,{IHI—[SM}

Re[Sy(5, 0)] [10]

where Im[ - ] and Re][ - ] are the 3-phase-corrected imaginary and real parts of the echo
signals, respectively.

These measured and calculated 8 and « in the SR mode can now be used to calculate
the fi(w,. w,). However, it is imperative to keep the measuring (SR mode) and IR
imaging pulse sequences as similar as possible, since the phase errors are sensitive to
the effects of electronics such as gradient pulse shapes, eddy current effects, repetition
time. etc. Fortunately IR and SR sequences are identical except that the IR sequence
has an additional preceding 180° inversion rf pulse. The measurement of 8 and «.
therefore. can be achieved by simply using SR with sufficiently long repetition time
T and eliminating the 180° inversion rf pulse in the beginning of the IR imaging
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sequence. This is illustrated in the pulse sequence shown in Fig. 3. Although this pulse
sequence can be used at every g, encoding step. it usually suffices to take only the first
pulse sequence and then the measured and calculated values of 8 and « can be used
for the rest of IR imaging pulse sequences.

EXPERIMENTAL RESULTS AND DISCUSSIONS

For the demonstration of the new phase-corrected inversion-recovery (IR) imaging
sequence, human brain imaging was carried out with the 1.5-kG KAIS NMR imaging
system and the results are shown in Fig. 4. Figures 4a. ¢ and e on the left side are the
images obtained using existing IR imaging techniques (method employing the mag-
nitude technique. sce Egs. [4] and [7]) while the images on the right side (b. d and )
are the ones obtained by the new phase-correction method. (a) and (b). (¢) and (d).
and (¢) and (f) are the images obtained at different inversion times. i.e.. (a) and (b) at
Ty = 150 ms, (¢) and (d) at 77 = 300 ms, and (e) and (f) at 7} = 450 ms. As expected,
with short inversion time, i.e.. 77 = 150 ms, most parts of the image are contrast
reversed with respect to the phase-corrected image (compare the images shown in
Figs. 4a and b). At 7} = 300 ms, this contrast polarity reversal appears less prominent
due to the fact that most spins are positive (see Fig. 2) and begin to show more consistent
image contrasts from this time region. Further increase of 77 up to 77 = 450 ms clearly
shows positiveness of the spins in most regions except the very long 7 regions. Further
quantitative study of the data obtained from phantom imaging is given in Fig. 5. The
phantom is composed of MnCl, solution in various concentrations. In Fig. 5, curves

r——- SR sequence for d and B IR imaging sequence
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FiG. 3. Pulse sequence for new proposed IR imaging using the phase-correction method.
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FiG. 4. Normal human head images with 1.5-kG KAIS NMR imaging system. Images (a), (¢). and (e) are

obtained by the magnitude method. while (b), (d). and (f) are obtained by the proposed phase-correction
method. Repetition and echo times employed are Tx = 1300 ms and T = 30 ms. respectively. Inversion
times of 7y = 130 ms for (a) and (b), T, = 300 ms for (c) and (d). and 1 = 450 ms for (e) and (f) are used
for this experiment.
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FIG. 5. Extracted values of the f; (normalized p,) from the phantom images at several different inversion
times 7,. Each point is the average value from a region of interest. Dotted lines and solid lines represent
the values taken from magnitude method and phase-correction method, respectively. Tg = 1300 ms and
T¢ = 300 ms are used.

shown with dots are the values taken with the magnitude technique, while solid lines
are the ones with the proposed new technique. It i1s thus proved that the use of new
phase-corrected IR 1imaging shows consistent image contrasts and eliminates contrast
reversal at shorter 77 ranges (~100-300 ms, e.g., for human brain imaging at 1.5-kG
field strength). As mentioned earlier, consistent contrast images obtained at several
different inversion times 75 are found to be clinically important and this new phase-
correction method would be of value.

APPENDIX: ACCURATE ESTIMATION OF PHASES g AND « IN THE SAMPLED ECHO SIGNAL

In the process of estimation using the echo signal obtained by Eq. [8]. it is important
to oversample the data sufficiently so that estimation of the peak, i.c., 8. is accurate
under the given sampling condition. It is often difficult to provide sufficiently over-
sampled echo data due to the limitations of the electronic parts such as the analog-
to-digital converter. Another alternative. as suggested earlier, is use of accurate inter-
polation techniques and estimation of the peak value thereafter. In the present ex-
perimental condition, we found it useful to employ a simple Lagrange interpolation
technique to be described in the following.

Exact echo center point 3 is obtained from the sampled echo signal by the use of
five point Lagrange interpolation as follows:

N B'+2 N
St Ol = 2 [S(kAL, 0)|Py [A-1]

k-p -2
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where g’ is the echo center point measured from the sampled echo signal by Eq. [8].
At is the sampling time interval of the analog-to-digital converter, and Py 1s the Lagrange

polynomial given as
S N i)Y

P = - . A-2
¢ ,IL k=B + (A-2)
k=B
From Eq. [A-1], a maximum value S«(B. 0) can be estimated by
28 0= 0 [A-3]
a,
with a restriction
I,
X g 1. A-4
IV [A-4]

The solution of Eq. [A-3] is calculated using Bairstow’s method given in Ref. (/4).
The unique solution 7, which is calculated from Eqgs. [A-3] and [A-4] is related to
exact echo point 8 as 8 = 1,. Estimation of 8 by this method under critically sampled
conditions is found to be useful for the phase-corrected inversion-recovery imaging

discussed in this paper.

Using estimated 8 from Egs. [A-3] and [A-4]. the center value of echo signal, S«(B.
0). is calculated by Lagrange interpolation given in Eq. [A-1]. Phase « can then be
estimated more accurately from the interpolated S«B, 0) and Eq. [10].
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