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Theoretical analysis predicts that
performing magnetic resonance

(MR) imaging with partial (<90#{176})
flip angles can reduce imaging times

two- to fourfold when lesions with
elevated TI values are being exam-
med. This time savings occurs be-
cause repetition time (TR) is re-
duced when imaging is performed
with partial flips. Partial flip MR
imaging can also improve signal-to-
noise ratio (S/N) in fast body imag-
ing. For this study, analytical tools
were used to predict image contrast
and S/N for short TR, partial flip
sequences. Experimental implemen-
tation of the short TR, partial flip
sequences that analytical work had
predicted would be optimal sup-
ported the analytical predictions
and demonstrated their validity.
Partial flip MR imaging is applica-
ble to reducing imaging time only
when the ratio of signal differences
to noise exceeds threshold values in
conventional MR images. Partial
flip sequences can be used to advan-

tage in MR imaging of both the
head and the body, and the ob-
served effects are predictable
through theoretical analysis.

Index term: Magnetic resonance (MR), technol-

ogy
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T HE THROUGHPUT of patients in MR
imaging departments is governed

by three factors: imaging time, data
flow through time, and patient han-

dling time. As imaging times con-

tinue to decrease, their impact on

throughput becomes less important.

Nevertheless, there are benefits to re-

ducing imaging time, especially in

studies in children, in seriously ill

patients, and in anxious, uncoopera-

tive, or cognitiveby deficient patients.

In studies in which the goal is to de-

tect changes in tissue composition,

reducing imaging time poses signifi-

cant challenges. In the head, for in-

stance, experimental (1, 2) and ana-

lytical (3, 4) studies demonstrate that

sequences with a long repetition time

(TR) are needed for the detection of

subtle compositional differences in

brain parenchyma. With present two-

dimensional (2D) Fourier transform

imaging techniques, long TR values

imply bong imaging times. Fortunate-

by, because of the introduction of

mubtisectional imaging (5, 6), the im-

pact on throughput of these bong TR

techniques is not serious.

The detection of pathologic condi-

tions of the brain with the use of MR

contrast media that shorten Ti has

led to an expectation that shorter TR

techniques may be sufficient. This

does not appear to be the case. A re-

cent study of MR imaging in 30 pa-

tients in which both short and bong

TR sequences were used, both with
and without the administration of

contrast media in the patients, found

that contrast-enhanced short TR se-

quences missed half of the intraaxial

lesions detected with unenhanced

bong TR sequences and that the com-

bination of contrast enhancement

and long TR could make some lesions

undetectable (7). Other research also

leads to the conclusion that the use of

contrast media will increase study

time rather than shorten it (8). These

considerations argue for a continued

search for sensitive but fast MR imag-

ing sequences.

An MR image is characterized by

three factors: its spatial resolution, its

object contrast level, and its signal-

to-noise ratio (S/N) (in which the

term “noise” includes both normally

distributed noise and texture or anti-

facts). Conventional 2D Fourier

transform MR imaging can be sped

up by reducing spatial resolution for

a given field of view or by shorten-

ing TR. A shortened TR, however, re-

duces object contrast for pathologic

conditions of the brain in a well-un-

derstood way (1-4) and reduces S/N

per unit area. It is worth noting,

though, that for any given resolution

and contrast, S/N need reach only a

level sufficient for confident detec-

tion; above that level, further in-

creases in S/N make the image more

pleasant but not more efficacious. To-

day, with the high S/N levels avail-

abbe at medium magnetic field

strength, the head can be covered op-

timalby (for 3.5 kG [0.35 T]) with a

2/30 (TR sec/echo time [TE] msec)

technique in 4.3 minutes for high-

resolution imaging (0.9 mm), and 2.1

minutes for regular resolution (1.7

mm). These speeds are achieved

through the use of single acquisitions

of each different phase-encoding

projection (n = 1), coupled with con-

jugate synthesis (i.e., acquisition of

one half of the data in Fourier space

and generation by software of the

other half prior to 2D reconstruction

via Fourier transform; this process ef-

fectiveby reduces n to 1/2), thus reduc-

ing imaging time by nearly a half

without affecting spatial resolution

or contrast; only S/N is sacrificed,

and that in direct proportion to the

square root of the imaging time (9).

With the needs of special patient

populations in mind, we have con-

tinued to explore methods to further

reduce imaging time. One such

method is partial flip angle imaging,

a technique in which angles of less

than 90#{176}are used in the rotation of
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the sample’s magnetization vector.

We show that the effects of changing

flip angle in MR imaging of both

phantoms and humans can be pre-

dicted from a data base of conven-

tionab spin-echo images. On the basis

of these predictions, the impact on

S/N and contrast as flip angle and TR

are varied can be studied analytical-
ly, obviating extensive experimental

work and providing an avenue for

the exploration of different applica-

tions.

METHODS

Analytical Methods

Conventional 2D Fourier transform irn-
aging is performed with a flip angle of

900. Such an angle produces maximal sig-
nal levels when TR is much longer than
Ti. Smaller flip angles have been used for
MR imaging (10). It has become well
known (11), and is exploited in spectros-
copy, that maximal signals are obtained

for a flip angle 0 smaller than 90#{176}when

TR is less than Ti. For a free induction
decay, signal intensity I has a functional

dependence on Ti and TR which is of the
form

I cz sin O[i - exp (-TR/Ti)] (1)
1 -cosOexp(-TR/Ti)’

Note that S/N can be maximized for any
one tissue by varying 0 such that

0 = arc cos [exp (-TR/T1)].

For TR = Ti this expression has a maxi-

mum at 0 = 68#{176}.

Equation (1) also applies when a spin
echo is obtained with the use of gradient

reversals (rather than 180#{176}radio frequen-

cy [RF] pulses) to refocus the magnetiza-
tion. Because a spin echo rather than a

free induction decay is used for data cob-
lection, the result of equation (1) is multi-

plied by exp (_TE/T2*). The equation

thus obtained applies when T2* is much

shorter than TR. The situation for RF me-
focusing of the spin echo is far more com-

plex and is treated in detail in Appendix
A. The work reported here centers on the
use of gradient reversals.

While equation (2) describes the con-
ditions for obtaining maximal S/N from
a single tissue, in MR imaging we are
concerned with the ratio of the signal
difference between tissue pairs to noise
(SD/N). (Note: SD/N C X S/N, where

C = the level of contrast.) As we have dis-

cussed previously (3), for a given set of

imaging conditions the SD/N determines

the confidence of detection of the tissue
pair, and the SD/N number can be me-

ferred to as the “confidence factor.” Find-
ing optimal values for 0 then becomes a
more complex task, since optimal 0 de-

pends on Ti, 12, and N(H) of tissues, as

well as on TR and TE. If TE is fixed at

near 20 msec, the point at which fat and

water protons are in phase at our 3.5-kG

(0.35-T) operating field, a 2D space in TR,

0 must still be explored for any one pair.

Since TR values between 100 msec and 2

sec are conceivably of interest, these may
need to be sampled at 100-msec intervals

for 20 points along the TR axis. Angles
between 5#{176}and 90#{176}are of interest, and if

sampling is done at every 5#{176},then 18

points need to be sampled along the 0
axis, for a total of 360 points in the TR, 0
plane-an imposing task if it is to be

done exhaustively by experimentation.

To evaluate the potential of partial flip
MR imaging under realistic conditions
we modified existing analytical tools (3)
to yield maps of SD/N based on Ti, T2,

and N(H) data obtained directly from
multisectional patient studies with 2/30
and 60 and 0.5/30 acquisitions. On the ba-
sis of these maps (each of which depend-

Figure 1. Signal difference map for gray

(2) and white matter, as a function of TR (0-5
sec along the horizontal axis) and 0 (0#{176}-90#{176}

along the vertical axis). The color scale

shows low signal difference as red, increas-
ing through yellow, green. blue, and violet,

to white for highest signal difference.

ed on a selected tissue pair), images simu-

lating partial flip MR imaging were
calculated on a pixel-by-pixel basis so that

we could evaluate the overall impact of

favorable TR, 0 combinations. The results

of such an evaluation have been previ-

ously reported (12). A typical map of sig-

nal difference for gray/white matter is

shown in Figure 1. Calculated partial flip
images are presented in Results.

The results of the previously reported
study can be summarized as follows: A

consistent trend is found in the TR, 0
map. The line of constant signal differ-

ence runs toward shorter TR values as 0
decreases from 90#{176},but at a given TR it

becomes parallel to the 0 axis and then

runs nearly parallel to the TR axis and to-
ward long TR values if 0 decreases further

(Fig. 1). The turnover or reversal point in-

40 50 ‘ 60

% Signal Difference Lost

Figure 2. Loss of signal difference (assum-
ing the same noise in partial flip and con-
ventional MR imaging) as a function of flip

angle when TR is reduced from 2 to 0.5 sec.
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Figures 4, 5. (4) Measured (data points) and predicted (lines) signal intensities as a function
of flip angle for gray matter, white matter, and CSF in a healthy volunteer. Acquisition was
performed with 0.5/20. (5) Measured (data points) and predicted (lines) intensities as a func-
tion of flip angle in a patient with multiple sclerosis. Acquisition was performed with a

0.5/20 sequence. Below 0 60#{176}the lesion becomes more intense than gray or white matter.
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dicates the optimal TR, 0 point for the
particular tissue pair. Fifteen patients

with pathologic conditions of the head
and neck were evaluated retrospectively.
We found that preserving the signal dif-
ference of a TR = 2 sec procedure was not

profitable since most lesion/nommal-tis-

sue plots clustered near 0 70#{176},for a time

savings of 10%, (i.e., for TR 1.8 sec). On

the other hand, if a loss in signal differ-
ence of about 55% was allowed, then a

fourfold savings in time (from TR 2 to

TR = 0.5 sec) was possible for flip angles
of about 30#{176}(Fig. 2). Figure 2 also makes
it clear that if a fourfold reduction in TR

is desired (from TR 2 to TR 0.5 sec)
the signal difference of the longer TR

procedure cannot be maintained at any
flip angle. These results were arrived at

with the assumption of a fixed number of
acquisitions (n), and a fixed TE (and with

them, a fixed N); the time savings is meal-
ized from shortening TR only. Because to-
day a common acquisition method is with

71 2, and because we are interested in

using the partial flip technique in a mode
that is as rapid as possible, we compared

partial flip MR imaging with n 1 to the
common TR = 2 sec. ii = 2 sequences in
use. The typical 55% loss in SD/N found

from Figure 2 would then be expected to

increase to about 77% when TE is con-
stant.

It might be questioned whether such a
loss is affordable. First, we note that we

assumed in the analysis that for a given ti

the noise is the same in the partial flip

and conventional images. This need not
be the case, since the use of gradient me-
vemsals allows for longer times to sample
the spin echo, with consequent meduc-
tions in noise. Therefore, for equal imag-

ing times, partial flip images can have a

higher S/N than conventional spin echo

images, partially compensating for the

loss of signal difference. Second, increas-

ing the confidence factor does not in-

crease diagnostic efficacy once a suffi-
ciently high confidence factor is reached.

For instance, for an S/N 30 and a con-
trast of 20%, the SD/N, and hence the
confidence factor, is 6. At such a confi-

dence level, a false alarm will occur once
in every billion pixels. If a head covers an

area of 30,000 pixels, a false alarm due to

random noise will occur once in every
33,000 images, or, approximately, once in

every 2,000 patients. If lesions are diag-
nosed only when at least two contiguous

pixels show a difference from back-

ground, false alarms will be reduced by
eight orders of magnitude. Clearly, a dou-

bling in confidence factor will have little

impact on diagnostic confidence. Con-

versely, if confidence is high, halving it

will not be detrimental to diagnosis.

Typically, confidence factors of 4-5 are

considered adequate for diagnostic imag-

ing.

It could be argued that just reducing
the number of acquisitions in the TR 2

sec image by a factor of four would ac-
complish the same reduction in SD/N as

a TR 0.5 sec. 0 30#{176}procedure. We do
not know how to do this with 2D Fourier

transform imaging once n 1 or n = 1/2

(9). Hybrid techniques (13) can reduce
imaging time further (with consequent

changes in object contrast and spatial res-

- olution functions), but the partial flip

100 considerations apply to hybrid imaging

as well. Therefore, for a unit that operates

above diagnostic thresholds with n 1 or
ii 1/2, whether in a hybrid mode or not,
partial flip MR imaging can reduce imag-
ing time. If the unit necessitates opera-

tion with n 2 to be above threshold con-
fidence factors, then a simpler strategy is

b. c.

Figure 6. Conventional TR 2 sec (a) and TR 0.5 sec (b) images in the patient with MS in Figure 5. Note normal appearance of the short
TR image (b). With a partial flip of 36#{176}and TR 0.5 sec (c), lesions become visible. Image in c was acquired with the same spatial resolution
parameters in 1/8 the time of the image in a.
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dicted (lines) signal intensities as a function

of flip angle for a patient with an infarct. Be-
havior is similar to that for imaging in pa-

tient with multiple sclerosis.
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Figure 8. Comparison of acquired and predicted images for the patient with a brain infarct

in Figure 7. A conventional set of 2/30 (a) and 0.5/30 (b) images are shown. From these (and

a 2/60 image not shown) are calculated Ti, T2, and N(H) images that lead to predicted im-

ages. Bottom row shows predicted (c) and acquired (d) images for a flip angle of 36#{176}.S/N is

higher in calculated images because they derive from longer data acquisitions. Note that in

acquired partial flip image the region between the eyes shows no signal. This is the result of

magnetic field distortion caused by a small dental prosthesis that does not affect convention-
al procedures.
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to operate with the reduced values of n.
With TR = 500 msec for partial flip

head imaging, we found that an optimal
angle was about 30#{176}.We also investigated
analytically whether Ti calculations
could be performed from two images at
constant TR but different 0, as opposed to

our method of TR 0.5 and 2 sec at 0
90#{176}(14). We found that for equal imaging
times the reproducibility of Ti measure-
ments would be better with the conven-
tionab techniques for Ti < 1 sec. and bet-
ten with partial flip MR imaging for Ti >
1 sec. At 3.5 kG (0.35 T) normal tissues are
below this break-even value but the use
of partial flip imaging would seem to
confer an advantage for tissues with long
Ti values. Nevertheless, the partial flip
technique is, as could be expected, much
more sensitive to RF field inhomogenei-
ties. Our analysis indicates that for con-
ventional TR 2 and 0.5 sec measure-
ments a 3#{176}error in flip angle would
result in a 2%-5% systematic error in Ti
for tissues with Ti = 300-1,000 msec, but
that for a TR = 0.5 sec procedure with 0 =

30#{176}and 90#{176}the systematic error would be

ii%-9%, respectively (i2).

Laboratory Methods

The partial flip technique was incorpo-
mated into a prototype MT/S imager (Dia-
sonics, Milpitas, Cal) operating at 3.5 kG
(0.35 T). The conventional program for

setting RF power levels was used to find
the 0 90#{176}flip angle. At first a manually
controlled attenuator was used to reduce
power to achieve the desired angle; this
task was later accomplished with a soft-
ware-controlled parameter change.

Most of the work was performed with
TE = 20 msec, so that signals from water
and fat were recorded in phase when gra-
dient reversals were used. (Note that this
effect is not the same as the familiar
chemical shift displacement that blurs im-
ages obtained at high fields.) Neverthe-
less, in the head, object contrast character-
istics improved for longer values of TE, so
that TE = 30 msec was advantageous (Fig.

3). Compared with TE 20 msec images,

the TE = 30 msec images had 43% higher
gray/white-matter contrast and 14% high-

e S/N, so that SD/N was 63% higher. For
a TR of 0.5 sec. the number of sections
that could be obtained simultaneously

was 12 with TE 20 msec and 10 with TE

= 30 msec. Phase cancellation for TE 30
msec images appeared as dark lines at the

interface of water and fat (15), most no-
ticeabby near the eyes, and did not appear

in brain pamenchyma. For imaging of the

body we used 0.15/20 with three sections,

and 0.15/12 with four sections. All acqui-

sitions were with n = i. In the head, spa-
tial resolution was 0.9 mm (256 X 256 ma-

tmix) and in the body 1.7 mm (256 X 128

matrix), both with a 10-mm section thick-
ness. Conventional 2D Fourier transform

techniques were used to obtain intensity

images that could then be used to calcu-

late Ti, 12, and N(H) images. Signal dif-

ference was measured as the difference in

signal intensity between two target tis-

sues. Noise was measured as the mean in-
tensity of the signal in air, in an area of

the image away from phase encoding arti-

facts. This measure overestimates noise

slightly, the overestimate being the same

in partial flip and spin-echo images.

RESULTS

Head Imaging

Figure 4 compares acquired and

predicted signal intensities for gray

matter, white matter, and cenebrospi-

nab fluid (CSF) for TE 20 msec MR

imaging in a healthy volunteer. The

prediction is based on Ti, 12, and

N(H) values obtained in a routine

multisectionab study. (A small [typi-
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a. b. c.

Figure 9. Patient with a large tumor. Conventional TR 0.5 sec image (a) shows mass effect but no abnormal signal intensities. Predicted
0 = 36#{176},TR = 0.5 sec image (b) shows tumor as high signal intensity. Image acquired with these parameters (c) produces expected appear-
ance of the lesion.

0.0

100

Flip Angle (degrees)

Figure 10. Fitted lines through acquired
data (acquisition points indicated by tick
marks on top border of the graph) show sig-

nal intensities as a function of flip angle for

a patient with a brain neoplasm (inner part
of the lesion) and surrounding edema (outer
part). Signal differences in the region of 0
30#{176}are comparable to those of a long TR,

relatively short echo image. Near 0 20#{176}

the appearance of image is like that of a later
echo image.

cabby 10%] scale factor correction was

applied to the predicted values to op-

timize the match to the data points.

This scale factor is the same for all

tissues and its need arises from un-

certainties in resolution calibration

when tuning the gradient reversal

sequence.) Note that at a 90#{176}flip an-

gle the typical TR 0.5 sec pattern is

seen, a pattern in which white matter

is slightly more intense than gray

matter and CSF is of very low inten-

sity. As flip angle is decreased, signal

intensities peak and start to decrease.

At about 65#{176}gray and white matter

are isointense, and below 50#{176}gray

c. d.

Figure 11. Acquired images in patient described in Figure 10. Flip angles vary from 90#{176}to
16#{176}.A ring of high signal intensity is well seen around tumor for 0 90#{176}and is still appar-
ent for 0 = 44#{176}.This ring enhanced following administration of gadolinium-diethylenetmia-

minepentaacetic acid, a pattern observed in other patients in whom such a ring is seen.



Figure 12. Ti images for patient with multiple sclerosis calculated from two TR = 0.5 sec.
2.1 mm acquisitions, each with flip angles of 90#{176}and 36#{176}.Note uniformity of intensities

(i.e., uniform Ti values).
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matter is more intense than white

matter. CSF becomes isointense with

white matter at about 30#{176},and with

gray matter at 20#{176}.Qualitatively, the

relationships in intensity near the

300 flip angle are similar to those of a

2/60 conventional spin-echo image.

(For TE = 30 msec signal differences

would be improved.)

Figure 5 shows the behavior of

measured and predicted intensity as

a function of flip angle for imaging

of a patient with multiple sclerosis.

As is typical of a TR 0.5 sec, 0

90#{176},flip angle image, the lesion is

isointense with white matter. Below

0 = 60#{176},the lesion becomes more in-

tense than gray or white matter. Fig-

ure 6 shows conventional TR 2 and

0.5 sec images in this patient. Notice

that for the shorter TR the brain ap-

pears normal. A 0.5/20, 0 = 36#{176}im-

age shows the lesions. The acquisi-

tion time for the 0.5/20 partial flip
image is 2.i minutes. However, a 2/

20 sequence would have SD/N

20.6 (pen pixel), while the 0.5/20 im-

age has SD/N 5 (a 75% boss). When

adjusted to the same imaging time,

the partial flip image shows SD/N

14 (32% loss).

Figure 7 compares acquired and

predicted data from imaging in a pa-

tient with an infarct: The behavior is

similar to that in the imaging of the

patient with multiple sclerosis. Fig-

ures 8 and 9 compare acquired and

predicted partial flip images for the

patient in Figure 7 and another pa-

tient with a tumor. In the imaging in

the patient with an infarct (Fig. 8),

SD/N = 42.4 (per pixel) for the TR

2 sec procedure and SD/N 1 i .6 for

the partial flip sequence (73% loss).
When adjusted to the same imaging

time, the partial flip procedure has

SD/N = 32.7 (23% loss). For imaging

in the patient with a tumor (Fig. 9),

the TR = 2 sec and partial flip images

have SD/N of 25.2 and 6.8, respec-

tively (73% loss). At equal imaging

times the partial flip sequence shows

a 23% loss in SD/N.

A more complex case is presented
in Figure 10, which shows signal be-

havior in imaging of a patient with a

brain neoplasm (inner part of the be-

sion) and surrounding edema (outer

part). At the 90#{176}flip angle, for TR =

0.5 sec, the edema is slightly less in-

tense than gray and white matter,

and the tumor is much less intense,

but brighter than CSF. Edema be-

comes more intense than gray and

white matter near 0 60#{176}. Tumor is

isointense with white matter near 0

400, and with gray matter near 0

30#{176}.Below 0 = 20#{176},the inner and

outer components of the lesions are

nearby isointense, which is consistent

with what is observed in an image

acquired with 2/80. Figure ii shows

partial flip images obtained in this

patient. For the edema/white matter,

SD/N values are above 5 between

flip angles of 22#{176}and 32#{176}.

Consistent with predictions, reduc-

ing imaging time by a factor of eight

results in a 75% loss of SD/N, but

SD/N remains over diagnostic

thresholds. Increasing TE to 30 msec

limits the loss in SD/N to under 50%.

Given the high levels of confidence

found in our system when used with

TR = 2 sec, n = 2 imaging, such a

loss is generally acceptable.

The qualitative aspects of our re-

sults in the imaging of the head can

be summarized as follows. For TR

0.5 sec, flip angles in the range of 30#{176}

provide object contrast characteristics

similar to those of a long TR (L5-2

sec) early-echo image. As the flip an-

gle decreases to 20#{176},the appearance

of the image changes to approximate

that of a later echo image. While it

would be convenient to find paname-

tens for partial flip imaging that

would exactly match certain TR/TE

combinations, only these broad gen-

enalizations can be made, since the

results are patient dependent, as

shown in Figure 2. To the extent that

optimal 0 are Ti dependent-and

they are field dependent-our results

are strictly applicable to 3.5-kG (0.35-

0 20 40 60 80 100

Flip Angle (degrees)

Figure 13. Fitted lines through acquired

data (acquisition points indicated by tick

marks on top border of the graph) show sig-

nal intensities as a function of flip angle in

the abdomen of a healthy volunteer; ob-

tamed with TR 0.15 sec. TE 20 msec.

T) operation.

Finally, we note that good-quality

Ti images can be calculated from two

short TR procedures with different

flip angles, these images requiring a

total of 4.2 minutes of acquisition

(Fig. i2). The Ti image from partial

flip sequences was computed from 0

= 90#{176}and 28#{176}images. Similar results

were obtained from 0 90#{176}and 36#{176}

images. Compared with the conven-

tionally obtained Ti image, partial

flip images require 1/5 the acquisition

time and are about 60% noisier. The

Ti values from partial flip data are
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Figure 14. Partial flip image of healthy
volunteer described in Figure 13, obtained

with 0.15/20, 0 = 72#{176}(a) and 0 20#{176}(b), n

1, 1.7 X 1.7-mm resolution, 10-mm thick-

ness, and an imaging time of 19 sec (single

breathhold). Note loss of tissue contrast in
image with smaller flip angle.
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Figure 15. Fitted lines through acquired
data (acquisition points indicated by tick
marks on top border of the graph) show sig-

nab intensities as a function of flip angle for

a patient with liver metastasis, obtained
with 0.15/20 technique.

about 20% smaller, probably as a re-

sult of section profile differences be-

tween RF and gradient-reversal nefo-

cusing.

Body Imaging

For fast body imaging, partial flip

MR imaging can be used to improve

S/N. Figure 13 shows acquired signal

intensity data as a function of flip an-

gle. We note the characteristic behav-

ion at TR = 0.15 sec, 0 90#{176},where

c.
Figure 16. Images of the patient in Figure

15. Flip angles are 90#{176}(a), 72#{176}(b), and 44#{176}

(c). Image was obtained with 0.15/20, n 1,
1.7 X 1.7-mm resolution, 10-mm thickness,

and an imaging time of 19 sec. Note “flat”

appearance and loss of tumor/liver contrast

in image obtained with a small flip angle.

fat is most intense, muscle and spleen

are of low intensity, and healthy liv-

en is somewhat higher. As flip angle

decreases, intensity of imaged fat

peaks near 70#{176}.The image intensity

of other tissues peaks in the 30#{176}-50#{176}

range. Liven and spleen become

isointense at 30#{176}and both become

isointense with fat at 20#{176}.Figure i4

shows partial flip images in a healthy

volunteer. In a patient with liven me-

tastasis, imaging performed with a

TR = 0.15 sec technique produced

similar intensity behavior for normal

tissues (Fig. 15), but below 0 45#{176}

signal differences started to decrease.

Images obtained in this patient are

shown in Figure 16.
The behavior of signal intensities

demonstrated in Figures 13 and 15

indicates that in the body partial flip

images with 0 greaten than 45#{176}im-

prove S/N for short TR imaging

without substantially affecting con-
tnast, but that flip angles should re-

main above 45#{176}so that image con-

trast is not degraded. When TE is ne-

duced to 12 msec, phase differences

between fat and water produce anti-

factual lines that clearly outline

boundaries between tissues (Fig. 17).

b.

Figure 17. Magnified transverse views of
region of the bladder in a patient with a

bladder wall tumor. A conventional 0.25/30,
0 = 1, 32-sec image is shown in a. Tumor

and bladder wall are of intensity intemmedi-

ate between urine and fat. In a 0.25/12, s’

1, and 0 = 65#{176}partial flip image (b) a dark

line is observed between bladder wall and
tumor. This line arises from signal cancella-

tion resulting from fat/water phase differ-

ences at TE = 12 msec and 3.5 kG (0.35 T).

These lines are not themselves nepre-

sentative of anatomic features, and

care should be taken in interpreting

them. Nevertheless, they can provide

useful diagnostic information.

DISCUSSION

Partial flip MR imaging provides

images with high object contrast for

pathologic conditions in which the

water content of tissues is increased.

Water elevation is accompanied by

correlated increases in Ti, T2, and

N(H) (i6, 17). For spin-echo imaging

with 0 = 90#{176},lengthening Ti de-

creases signal intensity, while in-

creasing the other two parameters in-

creases it. As a consequence, lesions

do not become brighten than sun-

rounding background until T2 and

N(H) effects overshadow Ti effects.

This occurs at long TR values. For TR



I .0

0.8

�‘0 .6

C
a)

�0 .4

0.2

0.0

0

0

0 20 40 60 80 100 0 20 40 60 80 100

Flip Angle (degrees) Flip Angle (degrees)

18. 19.

Figures 18, 19. (18) Acquired (points) and predicted (line) intensities as a function of flip

angle in a phantom. using selective 180#{176}RF pulses. Acquired data fails to show predicted

significant increase in signal. (19) With use of nonselective 180#{176}RF pulses. acquired (points)

and predicted (line) intensities match. This mode of acquisition is restricted to single-section

imaging and is therefore impractical.

538 . Radiology February 1987

< Ti, as the flip angle is reduced, sig-

nab intensity increases, peaks, and

decreases. For any one TR, the longer

the Ti of the tissue, the smaller the

angle at which signal intensity peaks,

and the stronger the peak. Therefore,

partial flip MR imaging tends to re-

verse the dependency of signal in-

tensity on Ti effects. (This effect

should add further confusion to that

already generated by the general use

of the misnomer “Ti-weighted” for

images in which watery lesions ap-

pear dank.)

Partial flip imaging with gradient

reversals also avoids the very serious

problem posed by limits on RF power

deposition in high field strength im-

aging. Currently, considerable effi-

ciency must be sacrificed in mubtisec-

tional scanning in order for imagers

to operate within Food and Drug Ad-

ministration guidelines; otherwise

approval for exceeding FDA limits

must be obtained from an Institution-

al Review Board (18). By depositing

only a fraction of the power of nor-

mal high field strength imaging

methods, partial flip imaging reduces

power deposition problems. For in-

stance, a single-echo procedure per-

formed with a flip angle of 45#{176}and
gradient reversals for refocusing will

deposit 5% of the RF power of a simi-

lar procedure performed with 0

90#{176}and RF refocusing pulses (Ap-

pendix B). It should not be surpnis-

ing, then, if these techniques were to

become even more important in high

field strength imaging.

Unfortunately, the significant

benefits of partial flip MR imaging

are accompanied by some disadvan-

tages. If we try to obtain maximum

time savings, contrast changes rapid-

ly as a function of 0, which makes

careful selection of the partial flip

angle critical. Currently, multisec-

tionab partial flip MR imaging must

be used with gradient reversal refo-

cusing in order to generate the spin

echo. It is worth noting that gradient

reversals carry distinct disadvan-

tages. This mode of operation is sen-

sitive to background field inhomo-

geneities, which result not only from

magnet and siting factors (which are

controllable) but also from the pres-

ence of ferromagnetic clips, markers,

and prostheses in patients (which are

currently uncontrollable). These

problems increase with increasing

operating magnetic field (19). In

principle, however, means for using
180#{176}RF pulses are possible.

Until a more robust implementa-

tion of partial flip MR imaging is

found, these limitations cannot be

overbooked. It is our opinion that, if

the patient can tolerate a longer pro-

cedure (e.g., 4-5 minutes), a long TR

sequence with ii 1/, � preferable.

But when imaging time is critical,

partial flip MR imaging can cut time

by half again, even compared with

71 = �/, techniques, and provide about

the same SD/N. As for Ti images,

since T2 and N(H) data usually are

needed also, partial flip MR imaging

does not help shorten the total acqui-

sition time. Other applications are

possible: For instance, a TR 1 sec,

0 = 26#{176}partial flip technique will

produce a “myebogram” effect, with

CSF very bright, spine intermediate,

and bone dark, an effect that now ne-

cessitates imaging with TR = 3,000

msec on longer (12).

It is worth noting as well that the

use of analytical tools to model the

partial flip technique aids under-

standing of the process and helps fo-

cus experimental work on the most

productive combinations of TR, 0 pa-
rametens. This speeds up research

and minimizes time spent on patient

imaging.

APPENDIX A

Section Profiles in Partial Flip
Imaging

Equation (1) describes the recovery of

longitudinal magnetization in the time

interval TR. For the case of flip angles

equal to 90#{176}itreduces to the familiar form

[1 - exp (-TR/T1)]. This relationship as-

sumes that the magnetization regrowth is

unperturbed hs other RF pulses. which is
the case when gradient reversal tech-

niques are used for refocusing. But if RF

pulses are used for this purpose (the most

often found case in MR imaging), then
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the signal intensity also becomes depen-

dent on the number and timing of these
pulses. For a single echo acquisition the

intensity I is

I = N(H) sin 0 exp (-TE/T2) A (Al)
1 +cos0exp(-TR/Ti)

where A = 1 + exp (-TR/Ti) - 2 exp

[(TE/2 - TR)/Tl]. For a double-echo pro-

cedure,

I = N(H) sin 0 exp (-TE/T2) B (A2)

1 - cos (1 exp (-TR/Tl)

where B = 1 - exp (-TR/Ti) + 2 exp

[(TE/2 - TR)/Tl] - 2 exp [(3TE/2 - TR)/

Ti].

It should be noted that for an odd num-

ber of spin echoes the sign of the cosine

term in the denominator is positive,

which means that the interesting flip an-

gles become those greater than 90#{176}.

Our initial implementation of partial

flip angle imaging used RF refocusing

and two spin echoes. Initial results for a

phantom with a Tl 1.5 sec are shown in

Figure 18. The acquired data are in corn-

plete disagreement with predicted values.

After eliminating all other sources of er-

ror, we found that the use of nonselective
i80� RF pulses provided excellent agree-

ment with experimental values (Fig. 19).

Computer simulations confirmed that as

the flip angle changes from the conven-

tional value of 90#{176}to smaller values, sec-

tion profiles degrade. For a sequence with

a section thickness of 10 mm and selective

l8O� RF refocusing pulses. signal intensi-

tv is quite constant across the section for

(1 = 90� . This is not the case for a partial

flip angle of 45#{176}(Fig. 20). When the same

simulation is applied to refocusing by

gradient reversals and 45#{176}flips. the sec-

tion profile recovers its uniformity (Fig.

21), and the experimental results match

predictions, as demonstrated above.

There are well-understood disadvantages

associated with gradient reversals. Al-

though the�’ offer an expedient method to

implement partial flip imaging. we be-
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lieve that it may be possible to shape the

i80#{176}RF pulse properly to provide good

partial flip results without the disadvan-

tages referred to above.

APPENDIX B

RF Power Deposition

In a conventional spin-echo procedure
in which a 90#{176}RF excitation pulse is fob-

lowed by a 180#{176}refocusing pulse, the bat-
ter deposits 4 times more RF power than
the former. Thus, if 1 unit of power is
used for the 90#{176}pulse, the full sequence

utilizes 5 such units. The RF power de-
posited by the excitation pulse varies as

(0/90#{176})2, � that a 45#{176}pulse delivers ‘/� of

a unit. Thus, for a gradient reversal (no
180#{176}RF pulse) procedure with a 45#{176}flip

angle the power delivered is 1/4 unit, ver-
sus 5 units for the conventional spin-echo

sequence. Thus, in this example, the par-
tial flip procedure uses ‘/20, or 5%, of the
power of the conventional sequence. U
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