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Conjugation can be used to synthe-
size half of the data acquired during
a conventional two-dimensional
Fourier transform imaging proce-
dure, thus reducing imaging time by
nearly half. The images acquired by
this process have the same object

contrast and spatial resolution as
conventional images do, but with a
40% reduction in the signal-to-noise
ratio (S/N). Conjugation can be used
to advantage in magnetic resonance
imaging units in which S/N levels
are higher than needed to permit
imaging with a single acquisition of

each projection.
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T HE cost-effectiveness and patient

acceptance of magnetic resonance

(MR) imaging depend to a certain ex-

tent on imaging time. Shorten imag-

ing times can sometimes result in im-

proved diagnostic efficacy, since they

reduce the likelihood of voluntary

motions of the subject. Furthermore,

as specific time thresholds are

crossed, the effects of biologic mo-

tion such as breathing, penistabsis,

and heart beating are avoided. We

present here an imaging strategy that

reduces imaging time to approxi-

matehy one-half of the conventional

two-dimensional Fourier transform

(2DFT) mode, and can be used in

conjunction with other speed up

strategies, which are also discussed.

THEORY

Consider the time domain data ac-

quired in a conventional 2DFT mode (Fig.

1). Each line of data is produced from a

spin echo at an echo time TE. The interval

between consecutive lines of data is the

repetition time TR. Each data line en-

codes position information along the x-

axis and contributes position information

to a column along the y-axis. If after the

x-axis Fourier transform we extract all the

points along a constant value of x (a col-

umn) and plot them, they have the shape

of a spin echo. The acquired spin-echo

signal is the result of signal readout along

the x-axis and is called the “time domain

signal.” Because of the mathematically

equivalent form of the signal shape when

plotted along the y-axis, it is sometimes

called the “pseudo time domain signal.”

The spatial resolution along x is ob-

tamed by applying an x-gradient during

spin-echo readout. The spatial resolution

along y is obtained by applying a y-gradi-

ent some time before readout. This gradi-

ent dephases the nuclei on the basis of

their position in the object and is called

the phase-encoding gradient. A Fourier

transform applied to the data of Figure 1

first along one axis and then along the

other produces an MR image, hence the

2DFT name.

The number of resolved vertical lines

(lines of constant x) for a given field of

view is given by the number of discrete

points obtained in the spin-echo acquisi-

tion. Similarly, the number of resolved

horizontal lines (lines of constant y) will

depend on the number of echoes ac-

quired with incremental strengths of y-

gradient, since each contributes one dis-

crete point to the pseudo echo. The

imaging time (t) is

t = TR X ii X N,

where TR is the interval between acquisi-

tion of successive echoes, ri is the number
of times that echoes with the same phase

encodings are acquired, and N is the

number of horizontal lines in the field of

view. The use of values of ii larger than

one serves two purposes: The first is for

improving signal-to-noise (S/N) levels,

which increase in proportion to � The
second is more subtle: ii 4 acquisitions

can be used to cancel certain artifacts and

ii = 2 will cancel a subset of these anti-

facts. The origin of the artifacts and the

way they are canceled are beyond the

scope of this paper and are discussed else-

where (1); however, it is important to

note that S/N alone is not the sole deter-
minant of whether ii i procedures can

be implemented.

Given a desired spatial resolution, to

decrease imaging time we may reduce N
with a consequent reduction in the field

of view and in S/N, which varies as � if

all other factors are kept constant. Short-

ening TR also reduces imaging time, but

it has a well-understood detrimental im-

pact on sensitivity to subtle lesions,

which are typically more confidently de-

tected in long TR imaging spin-echo se-

quences (2-5). To shorten time further,

various strategies can be used. The most

dramatic reductions are those obtained by

Mansfield et al. using echo-planar tech-
niques (6). The basic concept here is that

successive spin echoes can be used to en-

code position information. Rather than

phase encoding a line of data every TR

interval, several encodings can be ac-

quired from a train of successive spin

echoes, that is, every TE. The basic limita-

tion of this technique (which is called

echo planar) is the time limit imposed by

T2 decay. Most soft tissues have a T2 va!-
ue on the order of 50 msec. If an image is
to encode 128 lines, and if these lines are

to be acquired during a time not to exceed
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Figures 1, 2. (1) The square represents a 2DFT time domain set. Each line of the set has po-

sition encoded by a gradient along the x-axis. The lines differ by the amount of phase encod-

ing applied along the y-axis. The Fourier transform of the spin-echo signal of a line provides

one projection of the object. If a column is assembled by using one data point from each pro-

jection, each with the same value of x, a pseudo echo is obtained. Although it is produced by

phase encoding, this echo is mathematically equivalent to a spin echo. (2) Because of symme-

try, if only half of a 2DFT time domain set is acquired, as shown, the other half can be syn-

thesized by reflecting the data about the center. For instance, the signal intensity value at x

= 61, y = 37 would be transposed to x -61, y -37.

b. c.a.
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T2, then the interval between echoes has

to be 0.5 msec, that is, TE = 0.5 msec. Be-

cause this is a technically demanding
task, particularly for gradient switching,

hybrid techniques have been used in

which only two or four echoes are ob-

tamed after each excitation, with conse-

quent savings in time (7, 8). Because each

echo is reduced by T2, depending on the
way this technique is implemented either

the field of view or spatial resolution (or

both) become 12 dependent. Another

time-saving technique is to shorten TR

but at the same time reduce the flip angle

to less than 90#{176},thus recovering some of

the object contrast characteristics of long
TR techniques. Mills et a!. have shown
that time savings on the order of a factor

of three are thus possible (9).

The three imaging speed-up strategies

described above all change the output im-

age characteristics. Another strategy is
possible, one which maintains object con-

trast as in spin-echo imaging and can be

used simultaneously with any of the pre-

viously described techniques. As is well

known from MR spectroscopy, the time
domain echo signal is symmetric around

its peak. This symmetry is exact only if T2

is much longer than the echo width,

which is a reasonable approximation in

imaging. By analogy, the pseudo echo is

also expected to be symmetric. Therefore,

if only half of the data are acquired (top

or bottom half in Fig. 1), the second half

is, in principle, recoverable by a process

called conjugation, which is described

mathematically in the Appendix. With

the peak signal as a reference point, each

line of data is reflected about the peak,

that is, translated to the opposite side and

reversed left to right (Fig. 2). The data set

thus obtained is then reconstructed by a

standard 2DFT algorithm. Because the im-

age has all the characteristics of the 2DFT
spin-echo image except for lower S/N as

described below, we chose to characterize

those images by the parameter n being set

to �/2 in equation (1). Had we set N to be /2

the value, this would imply a smaller

field of view in the output image. While

only half the data plus the peak are need-

ed, it is useful in practice to accumulate a

few extra projections to permit better def-

inition of the peak. For a 256-line image,

accumulating 138 projections allows a

savings in time of 46% rather than the

5#{216}(7�it would be for 128 projections (Fig.

3). Nevertheless, the reliability increase

provided by the additional projections is

well worth the slight increase in imaging

time.

There are some points worth making

regarding this process. First, S/N de-

creases to about 70% because of the halv-

ing in the number of data sets (Fig. 3).

Second, the added computational corn-

plexities associated with conjugation are

not worth the effort unless the system a!-

lows for ?1 = 1 operation, since conjuga-

tion of an ?1 = 2 procedure would have

the same resolution and S/N of a conven-

tiona! n = 1 procedure. Conjugation also

needs to be differentiated from other

techniques that use one-half of a data set.

For instance, in Figure 1 only the inner

half of the data set could be accumulated,

and the outer two quarters zero-filled to a

256-line set. This in effect yields a low-

resolution image on a higher-resolution

matrix, containing no added information

to that that would follow from an inter-

polation in image space (Fig. 4). A second

acquisition mode would skip every other

line in Figure 1 and fill it with an inter-

polated value. This is equivalent to a ne-

duction in the field of view, resulting in

fold-over artifacts. Both techniques de-

crease S/N to 70% because of the smaller

data set used. Reconstruction of the half

data set without prior conjugation pro-

Figure 3. Comparison of TR 2 sec. 0.9 x 0.9 mm, 5-mm-thick sections of the head obtained with n = 2 (a), 1 (b), and i/2 (c). One section of a
multisection set is shown. Imaging times are 17.1, 8.5, and 4.3 minutes, and S/N levels are in the ratio of 2, 1.4, and 1. In this procedure, typi-

cal S/N for gray matter is 28 for �z 2. (Note that computer graphics do not distinguish lower case from upper case n.)
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vides a recognizable image but with sig-

nificant artifacts (Fig. 4). Conjugation re-

covers all of the spatial information

present in a conventional 2DFT image,

and only S/N is reduced as a direct result

of the shortened imaging time.

EXAMPLES

Conjugate synthesis imaging was
implemented in a prototype of an

MT/S imager (Diasonics, South San

Francisco, Calif.) operating at 3.5 kG.

Head and body imaging was pen-

formed with quadrature detection

coils. In Figures 5 and 6 we compare

10- and 5-mm-thickness images ob-

tamed with ii = 2, 1, and 1/2, a nesohu-

tion of 0.9 mm in a 256 x 256 matrix,

and a TR of 2 sec. The acquisition

times are 17.1, 8.5, and 4.3 minutes,

respectively, for 20 two-echo sections

in the 10-mm-thickness mode, and 16

on 32 sections for double- on single-

echo 5-mm-thick sections. The ability

to detect the large and small abnor-

mahities in these patients demon-

stnates the rapid screening potential

of the technique for head imaging

(Fig. 7). This is of particular impon-

tance with anxious patients, patients

with trauma, and children. Figure 8

shows body images obtained at a rate

of 11 sec for three sections. Thickness

is 10 mm, and resolution is 1.7 mm.

The subject was asked to hold his

breath, and the imaging procedure

started just after the breath was held.

DISCUSSION

At 3.5 kG, S/N has increased to the

point that for many procedures (e.g.,

head images with section thicknesses

of 10 and 5 mm and resolution of 1.7

and 0.9 mm, and 10-mm-thick body

images with resolution of 1.7 mm) it

is possible to use conjugation to ne-

duce imaging time by a factor of two

while still obtaining diagnostically

adequate images. In the head, the

whole brain can be imaged in 2.1

minutes and 4.3 minutes for low- and

high-resolution images, respectively,

using a highly sensitive technique

with TR = 2 sec. It is worth empha-

sizing that conjugate synthesis of

data is only advantageous in MR im-

aging systems that have an intrinsic

S/N level high enough to permit im-

aging with ii i. If adequate diag-

nostic studies require for instance n

= 2, then conjugation would reduce

S/N to prohibitively low levels.

While the conjugation procedure

adds no new information to that

available from longer imaging times,

it improves patient acceptance; in

systems in which photography does

a. b. c.

Figure 4. This figure demonstrates the consequences of using strategies other than conjugation to reconstruct a 128-projection data set onto

a 256-line matrix. (a) Only the inner 128 projections are acquired, and the data are zero-filled to 256 projections. This corresponds to interpo-

lation in the spatial domain. Effective resolution is 1.8 mm, even though matrix pixel size is 0.9 mm. (b) Result of obtaining every other pro-

jection and interpolating. If no interpolation had been done, the field of view would be one-half that of a full data set. The interpolation

does not fully recover the correct data, and overlap artifacts become apparent. (c) If the half data set is reconstructed without conjugation,

blurring along the y-axis becomes evident.

a. b. C. d.

Figure 5. Comparison of images obtained with ,, 2, 1, and 1/2 in a patient with a right occipital infarct. Section thickness is 10 mm and

spatial resolution is 0.9 mm in a TR 2 sec. 20-section, two-echo (TE 30 and 60 msec) multisection mode. (a) n 2, TE 30 msec; (b) n 2,

TE = 60 msec;(c) n 1/2, TE 30 msec;(d) n 1/2, TE 60 msec.



a. b.

Figure 8. Abdominal sections obtained with ii 1/2 at a rate of 11 sec for three sections.

The subjects were asked to hold their breath prior to start of the procedure. (a) Healthy vol-

unteer. lop: ii 1 (19 sec), bottom: n 1/2 (1 1 sec). (b) Sixty-six-year-old alcoholic with im-

paired cognitive functions and occluded descending aorta. Specifications are same as in a.

a. b. C.
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Figure 6. Transverse sections in a subject with left occipito-panietal white matter asymptomatic lesions. Section thickness is 5 mm, resolu-

tion is 0.9 mm, TR 2 sec. Sixteen two-echo or 32 one-echo sections can be acquired. (a) ;z 2, time 17.1 minutes; (b) n = 1, time = 8.5

minutes; and (c) n 1 /2, time = 4.3 minutes.

Figure 7. One of a multisection set of con-

onal n = 1 /2 images of 5-mm-thickness

and 0.9-mm resolution. For TR 2 sec. 32

one-echo sections can be acquired in 4.3

minutes.

not affect acquisitions, the conjuga-

tion procedure increases throughput

significantly. In the body, fast MR

imaging procedures permit single-

breath-hold imaging. Conjugation

can be used with other time-reducing
procedures, such as partial flip-angle

imaging with radio frequency refo-

cusing pulses, echo-planar imaging,

and “hybrid” imaging.

APPENDIX

The presence of conjugate symmetry in
a spin echo has been known by MR spec-
troscopists for many years. This symme-

try about the echo’s central peak is a con-

sequence of the memory of phase in the
net magnetization vector during the echo

formation process. In spectroscopy, conju-

gate symmetry offers the possibility of av-
eraging the two halves of the echo for the

purpose of increasing S/N, but complica-

tions may arise from T2 decay during the

echo period when T2 is much shorten

than TE. In MR imaging, T2 decay is con-

stant throughout the multiple spin echoes

acquired with different phase-encoding

gradient strengths, G�. The signals are

conjugate symmetric, M(�) M*(_4),

about ‘13 0, the signal acquired with no

net G�. As mentioned by other investiga-

tons (7), the above relationship permits in

theory a 2DFT spatial image to be ac-

quired with (N12) + 1, where N is the to-

tal number of image lines. Here it is con-

venient to define � as the spatial frequen-

cy K5 in the Fourier transform’s reciprocal

space (time domain data),

K5 -y = �yy�G6(t)dt,

where G5 is incremented in each cycle of
the pulse sequence, and

K7 . � = �yxSG�(f)df,

where G5 is a constant gradient applied

during the signal readout period. The

time domain data is acquired with both

+k and -k spatial frequencies for 2DFT,

�+N/2 +N12

I I M(k1,k5)
J-N/2 J-N/2

.exp[-’yi(xk5. - yk5)] -dk5 .dk6 m(x,y),

where ?n(x,y) is the two-dimensional im-

age data.
In the experiments reported here, we
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have computer synthesized nearly half
the signals by applying the conjugate
symmetry rule to the phase-encoded spa-

tial frequencies M(+k1,+k6)
M*(_k1,_k�), noting that (R + iI)* (R -

ii) where R and I are the real and imagi-
nary components, respectively, of a com-

plex number. It is significant to flow im-
aging that the Fourier transform of such
conjugate symmetric data produces only
real components in the complex image
data m(x,y) except in spatial locations
where phase shifts result from movement
of spins in the direction of a magnetic
gradient.

Conjugation is not limited to 2DFT im-
aging but can be extended to 3DFT MR

imaging (1). Conjugation synthesis may

also be used in Fourier transform velocity
imaging (10) or in Fourier transform spec-
troscopic imaging to reduce imaging

time. For example, M(±k2, - kv�)

M*(±k1, + kv2), where the velocity vector
component on the z-axis (V�) has been
phase encoded with pains of incremented
gradient pulses. U
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