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P ARTIAL flip angle and gradient me-

versal magnetic resonance (MR)

imaging have recently attracted a
great deal of attention. Although

these techniques are used together,
they involve two independent physi-
cal phenomena, and each brings

complementary contributions to the

imaging process. Although partial

flip MR imaging does not replace
conventional spin-echo procedures,

it has proved to be a powerful ad-
junctive tool for specific applications.

The ability to detect lesions with

MR imaging is based on composi-

tional differences among tissues and
arises mostly from very simple ef-

fects. For a typical lesion, water con-

tent in the tissue increases, which me-

sults in correlated increases in
relaxation times Ti and T2 and in hy-

drogen density, N(H). In a conven-

tional spin-echo procedure, for any

one set of imaging parameters (repe-

tition time [TR]/echo time [TE]), the

lengthening in Ti results in lowered

signal intensity, while lengthened 12
and N(H) increase signal intensity.

For medium to short TE values, there

is a near cancellation of signal differ-

ences between the tissues, and con-

trast is poor. As TR lengthens, Ti ef-
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fects become less important, and the

effects of 12 and N(H) dominate (i).

Lesions take on a characteristic

“bright” or high-signal-intensity ap-

pearance.

In brain, cenebrospinal fluid has

the MR properties of a lesion taken to

extreme (Fig. 1). As a consequence, a

very long TR or long TE is needed to

render cerebrospinal fluid high in

signal intensity, and all the strategies

for obtaining this appearance have

disadvantages. If a long TR value is
used, the imaging time can be long,

since a TR of 5 seconds or more is

needed. These long TR images can be

computed from two procedures with

shorter TRs, but registration needs to

be accurate between the two, and the

time savings cannot be too great

(maybe a factor of two) before the

signal-to-noise ratio (S/N) degrada-

tion introduced by the calculations

becomes excessive (2, 3). The alterna-

tive method of using long TE values

at medium TR values incurs the pen-

alty of loss of number of sections per

unit time. It would be desirable to
obtain the needed contrast with

shorter IRs to reduce imaging times.

To see how this can be achieved, we

will discuss some basic aspects of MR

imaging.

BACK TO BASICS

In a conventional spin-echo image

the magnetization vector is flipped

by 90#{176}onto the plane orthogonal to

the main magnetic field. Because

only the magnetization component

on that plane provides signal, a 900

flip provides maximum signal, since

all of the vector lies on that plane.

But does a 9#{216}0flip provide maximum

signal? Let us consider a flip of less

than 90#{176},such as 45#{176}.The first time

the flip occurs, the magnetization

vector projects only 70% on the or-

thogonal plane, while 70% remains

on the equilibrium axis (Fig. 2). In

imaging, data are accumulated many

times. After the first time, for the 900
flip the magnetization has to recom-

mence or “regrow” from zero, while

for the 45#{176}flip the regrowth starts at

70%. Given that successive data ac-
quisitions occur at intervals of TR

less than Ti, even though the partial
flip places less of the vector in the

plane where it can provide signal, if

a larger equilibrium magnetization is

allowed for, the net effect is a larger

vector on the signal-producing plane

(Fig. 2). For a free induction decay

and a TR that is not very short so that

there is no residual transverse mag-

netization at the next subsequent RF

pulse, the signal intensity (I) is

I = N(H) sinO[i - exp(-TR/Ti)]�
1 - cosO exp(-TR/Ti)

(i)

Equation (i) is graphed in Figure 3

and has a maximum value of intensi-

tyat

cosO exp(-TR/Ti), on

0 = arc cos exp(-TR/Ti). (2)

This effect is well known by MR

spectroscopists, who take advantage

of it to increase S/N. The angle 0 at

which the maximum signal occurs is

called the Ernst angle, after Richard

Ernst who described this effect (4),
and is plotted as a function of TR for

a Ti of 0.5 second in Figure 4. Corn-

pared with the signal from a 90#{176}flip,

the percentage increase in signal that

results from a partial flip is

1(0)11(90)

= i0O/.�/[i - exp(-2TR/T1)]

= iOO/sin0. (3)

From equation (2) we can see that
for any one TR the Ernst angle is

smaller (closer to zero), the longer
the Ti is. From equation (3) we can
see that this smaller angle results in
a larger percentage of increase in sig-
nal.
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Figure 1. Correlation of tissue parameters in a patient with a primary brain tumor. For a typical lesion, water content in the tissue in-

creases; this results in correlated increases in Ti, 12, and N(H). This has important impact on the choice of imaging technique (1). The pa-

rameters are shown for white matter (W), optic nerve (ON), gray matter (G), tumor (T), periventricular edema (PV), aqueous humor (AH), vit-

reous humor (VH), and cerebrospinal fluid (CSF). Error bars are for single measurements. Optic nerve shows somewhat elevated density

because of partial volume effects from fat, which raise average signal intensity. (Reprinted, with permission, from reference 1.)
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time, partial flip techniques should

be operated with very short IRs. But

the variation of S/N with TR is very

slow, and even when TR equals Ti,

the loss in S/N compared with TRs of

0 is about 13%. For a given large

number of sections, the

S/N � �J�[i - exp(-TR/Ti)]/

(1 + exp(-TR/Ti)])

2.5 2.5
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These relationships lead to inter-

esting results regarding the achiev-

able S/N per unit time. For 90#{176}flips,

S/N per unit time is given by (5)

S/N � [1 - exp(-TR/Ti)]/��/TR. (4)

This single-section expression peaks
at a TR of i.25 X Ti and has a broad

maximum of 90% of peak value of

IRs between 0.6 and 2.6 X Ti. For

any one TE, the number of sections
imaged is proportional to TR. Thus,

to cover a given and large number of

sections, the longer the TR, the fewer
times that the imaging procedure has
to be repeated, and in a fixed time

the S/N goes up as �/TR increases.

Thus, for multisection imaging of a

large number of sections, equation

(4) takes on the form

S/N cx 1 - exp(-TR/Ti), (5)

which means that from an S/N point

of view the more sections needed,

the better it is to lengthen TR. From

equation (5), we also know that 90%

of the achievable S/N is reached

when TR equals 2.5 X Ti.

The behavior of partial flip tech-

niques is different. If we write equa-

tion (1) for the flip angle of maxi-

mum S/N (equation [2]), we obtain

for the S/N per unit time the expres-

sion

S/N � �/1[i - exp(-TR/Ti)]/

TR[1 + exp(-TR/Ti)]�

= [tan(0/2)]RJTR, (6)

which has a maximum at IRs of 0;

that is, to maximize S/N per unit

(U)

4)
VI

I-

Figure 2. Schematics show how a partial flip can provide greater signal than a 90#{176}flip.

(a) 90#{176}flip sequence. The first excitation places a large vector of full magnetization (Mo) on

the signal-producing plane (MT). For TRs shorter than Ti, the equilibrium magnetization

(ME) after many excitations is small; thus, the transverse signal-producing vector (MTE) is

also small. (b) 45#{176}partial flip sequence. The initial excitation projects a smaller vector in the

transverse plane (Mi), but recovery of magnetization is faster (ME) so that a larger transverse

magnetization (MTE) is achieved after the initial excitation.

creases with TR but reaches 90% of

maximum approximately when TR
equals 2.5 X Ti. Although it does not

rapidly lose S/N per unit time as TR
lengthens, partial flip MR imaging
favors use of short IRs. Therefore,
the partial flip technique is natural
for use with three-dimensional imag-
ing. For the 90#{176}flip angle, the S/N
per unit time always favors multi-

= tan(0/2). (7) section imaging by large factors (6).
With partial flips at the Ernst angle,

The product of this expression in- S/N of the three-dimensional tech-
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Figure 5. Example of magnetic susceptibility artifact. (a) Spin-echo image obtained at 0.35

I and 2,000/30 (TR msec/TE msec). (b) Partial flip image obtained at 0.35 1, 500/30, 0 30#{176}.

Artifactual loss of signal in the frontal lobes is seen on b due to the enhanced detection of

magnetic susceptibility effects by means of gradient echoes. This artifact occurs at interfaces

between soft tissues and air-containing spaces such as the nasopharynx, sinuses, and mas-

toids and will preclude the use of partial flip imaging with gradient reversal as a screening

sequence for central nervous system disease.
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Figure 4. Graph shows the Ernst angle

(maximum signal angle) as a function of TR

for Tis of 0.5 seconds. A longer Ti results in

a smaller Ernst angle at the same IR.
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Figure 3. Graph of equation (1). As the flip

angle is decreased from 900. the signal in-
creases up to a maximum at the Ernst angle

and then decreases to zero at 0#{176}flip angle.
The longer the 11, the larger the increase

(‘s) and the smaller the angle at which the

peak signal occurs. Therefore, the relative

signal levels can reverse from those at 90#{176}.

12 and N(H) only determine the starting

levels at 90#{176},but the reversal is a Ti effect

only and can happen even for TEs of 0.
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nique becomes essentially equivalent

to that of two-dimensional multi-

section imaging (6).

If the Ernst angle is used in imag-

ing a tissue of interest, it is possible

to increase S/N. More important, if

the flip angle is changed (generally

to smaller values than the Ernst an-

gle), it is possible to manipulate con-

trast so that short TRs can be used to

obtain images that have the appear-

ance of conventional, long TR im-

ages. To see how this happens, let us

refer again to Figure 3 and consider

the relative changes for the two tis-

sues, one with longer Ti and most

likely with greaten 12 and N(H).

These two tissues may be similar to

gray matter and multiple sclerosis le-

sions, which are difficult to differen-

tiate with short TR procedures: Al-

though the lesions would otherwise

have low signal intensity due to their

longer Ti, the compensating effects

of 12 and N(H) nearly cancel signal

differences between them and gray

matter. For a 90#{176}flip let us say that

the lesion is just slightly lower in sig-

nal intensity than gray matter. As the
flip angle decreases, both tissues start

to show a signal increase, but, from

, ‘I ‘ � equations (2) and (3), the lesions will
1.0 3.0 peak at a smaller angle, and the per-

centage of increase in signal will be

greater. The net effect is that the le-

sions will increase in intensity. These

effects are due to Ti alone. TE (and

12) affect only the starting point at

90#{176},but the reversal of signal inten-

sity is due to Ti and flip angle. The

phenomenon described would occur

even for TEs of 0, that is, no 12 ef-

fects at all. For those who insist in us-

ing the inaccurate Ti- and 12-

weighted terminology, this phenom-

enon should add further confusion to

that already generated by such yen-

nacular (7). In these terms, what we

have described is a short TR sequence

(Ti-weighted) generating a 12-

weighted image through Ti effects

only.

GRADIENT REVERSALS

A spin echo is generated as a result

of a time reversal experiment. When

radio frequency (RF) is used, the 180#{176}

refocusing pulse “turns the system

around.” Those nuclei that are pne-

cessing fasten, and whose phase (di-
rection of the transverse magnetiza-

tion vector) is ahead of the mean

vector, are now behind. As they con-

tinue to precess faster, rather than

getting further away from the mean,

they catch up with it. Partial flip im-

aging can in principle be performed
with RF refocusing pulses. Theme is

one subtlety. For a single-echo proce-

dune the angle needs to be 180#{176}- 0

rather than 0, and for a double-echo

procedure it is 0 (8). There is a practi-

cal problem with this approach, due

to imperfect section profiles for the

180#{176}RF pulse. Poor profiles affect

contrast in conventional imaging (9),

but these effects can be overcome by

means of careful shaping (10). These

square profiles, although adequate

for 90#{176}imaging, degrade unaccepta-

bly for small angles, so that the flip

angle is varying across the section. It

is worth emphasizing that this effect

is not fundamental and that, concep-

tually, an RF pulse can be designed

to provide a good section profile for

partial flip imaging. Nevertheless,

another type of time reversal expeni-

ment can be used for generating a

readout echo: The magnetization vec-

ton is “turned around” or refocused

by reversing the readout gradient.

This is a very simple process and was

used in some early MR imagems but

was abandoned for reasons described

below. Because gradient reversals are

nonselective, the profile of the sec-

tion is that of the 90#{176}pulse, which is

more uniform than the 180#{176}pulse.

The nonselectivity of the gradient re-

versal may lead to the mistaken as-

sumption that it could be used only

in a single-section mode, which is

not the case. Multisection gradient

reversal sequences can be imple-

mented.

Why were gradient reversals aban-

doned in favor of 180#{176}RF pulses?



a. b.

Figure 6. Examples of pancreas imaging with partial flip “breath-hold” technique. (a) In-

phase images obtained at 0.35 T, 250/20, 0 70#{176}.(b) Out-of-phase images obtained at 0.35 T,

250/12, 0 70#{176}.Low-intensity outlines around the organs on b (TE 12 msec) are due to Wa-

ter and fat cancellation artifact.

7. 8.

Figures 7, 8. (7) Out-of-phase partial flip image of abdomen obtained with breath-hold
techniques at 0.35 T, 250/ 12, 0 70#{176}. The low signal intensity of the bone marrow is due to the

out-of-phase cancellation of signal from the water and fat components of the bone marrow.

(8) Out-of-phase partial flip image of marrow metastases obtained at 0.35 T, 250/12, (1 70#{176}.

The bone marrow metastases are easily seen as high-signal-intensity areas because the nor-
mal marrow has low signal due to the out-of-phase cancellation of signal from its normal

water and fat components.
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The major problem is that gradient

reversals are sensitive to background

field inhomogeneities. The 180#{176}RF

pulse eliminates the effect of back-

ground field at the center of the

echo; however, in gradient reversal

imaging, the effects of inhomogenei-

ties progressively accumulate. These

inhomogeneities are not just those

resulting from the magnet and its

site, but those produced by suscepti-

bility changes in the body in the vi-

cinity of aim cavities (sinuses, mas-

toids, bowel) and those of fernomag-

netic implants (Fig. 5). The effects of

inhomogeneities not only affect cer-

tam areas of the image, but make it

difficult to obtain adequate second

echoes or very late echoes, except at

very low field strengths (the impom-

tant parameter for imaging is the in-

homogeneity in gauss, or the product

of the pants pen million inhomogen-

eity times the field strength).

Another problem introduced by

gradient reversal refocusing is that

the phases of water and fat signals

are not brought into coherence,

which would occur with an RF refo-

cusing pulse. As TE elapses the sig-

nals get further out of phase until

they reach 180#{176}phase offset and they

cancel fully. As TE elapses further,

the signals come back into phase and

they add, and this process repeats. At

a field strength of 0.35 1 the signals

are in phase at a TE of 20 msec and

fully out of phase at TEs of 10 and 30

msec. The value of TE that brings sig-

nals into phase varies in inverse pro-

portion to field strength so that at 1.4

I this value of TE would be 5 msec.

This short TE is hand to achieve, and

trying to operate at an attainable TE

forces the operation to use the second

or third echo in a phase cycle. Any

small errors in choosing the needed

time point will make effective imag-

ing difficult. The effect of water and

fat signal cancellation is distinctive

in the image. Low-intensity borders

show in the regions where water and

fat adjoin. These borders can be used

to delineate organs (e.g., the pancne-

as) (Fig. 6) but can also provide con-

fusing information. In the normal

marrow the cancellation results in a

loss of signal (Fig. 7). Some marrow

tumors have high signal intensity in

these images (Fig. 8), but diseases

that increase iron in the marrow and

result in a loss of signal in conven-

tional images would be masked in

out-of-phase imaging. In the fatty

liver, out-of-phase images decrease

the signal, thereby reducing the con-

trast with respect to tumor in short

TR images. Therefore, the ability to

obtain in-phase images (no water and

fat signal cancellation) will be essen-
tial. Unfortunately, as field strength

increases, this becomes difficult, and

for practical reasons at high field

strengths the images will show ef-

fects of water and fat signal cancella-

tion.

Theme is one compensating advan-

tage associated with the use of gradi-

ent reversals and partial flip excita-

tions that is quite important at high

field strengths. Compared with a 90#{176}

flip, a partial flip uses (0/90)2 of the

power. Thus, for a 45#{176}flip, the exci-

tation power goes down by a factor

of four. Even more drastic, the use of

gradient reversals saves even more

power because the RF refocusing

pulse requires four times more power

than does a 90#{176}excitation pulse. Gra-

dient reversals require no RF power

at all. Therefore, a 45#{176}partial flip

with gradient reversals uses one-

twentieth the power of a convention-

al spin-echo sequence with the same

TR. This permits rapid imaging tech-
niques to be used at high field

strengths, where the power deposi-

tion of RF refocusing pulses would

otherwise make power deposition ex-

cessive. This effect alone assures a

role for these techniques in high-

field-strength body imaging.

PREDICTION OF THE

PARTIAL FLIP PROCESS

The introduction of yet another

imaging parameter adds a further de-

gree of complexity to the choice of

imaging sequences. For any one TE,
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Figure 9. MR imaging sequence demonstrates process of predicting the behavior of partial flip angle imaging. (a) Spin-echo 500/30 image.

(b) Spin-echo 2,000/30 image. (c) Spin-echo 2,000/60 image. (d) TI image in which signal intensity is proportional to TI. (e) 12 image in

which signal intensity is proportional to T2. (f) N(H) image in which signal intensity is proportional to N(H). (g) Partial flip contrast map of

signal differences between the lesion (glioblastonta multiforme) and white matter at a TE of 60 msec. (h) Predicted partial flip image (500/60,

(I 30#{176}).A conventional contiguous multisection procedure consisting of a short TR image (a) and long TR, double-echo images (b, c) is used

to generate Ti, T2, and N(H) images (d, e, f). From these, a signal difference map (g) is generated for a TE of interest (in this case, 60 msec).

The map shows the signal differences between the tumor and white matter as function of TR (horizontal axis) and 0 (vertical axis). The larg-

est signal difference is denoted by the highest intensities in the map. From the map, a TR, 0 combination is chosen and used to generate a

partial flip image (h) on a pixel-by-pixel basis based on the Ti, T2, and N(H) values of the pixels.

the TR, 0 space would have to be

sampled in order to characterize a

partial flip sequence used to evaluate

a particular disease. This is a task that

for practical reasons is beyond even a

research institution. Fortunately, a li-

bmamy of patient data acquired with

appropriate TR/TE combinations can

be used to calculate Ti, T2, and N(H)

images. From these, maps of signal

differences for various TR, 0 combi-

nations can be computed for particu-

lam TE values, and partial flip images

can be computed for interesting

points in these maps. This process is

illustrated in Figure 9. On the basis

of such work, we predicted contrast

and S/N performance for various

partial flip sequences (8), predictions

that were then tested and found to

agree with experimental data (ii)
(Fig. 10). The value of being able to

do sequence evaluations analytically

cannot be overemphasized, since it

provides not only an understanding

of the process, but also saves a great

deal of trial-and-error imaging time.

HISTORICAL DEVELOPMENT

Ernst and Anderson first applied

partial flip angle excitation to Fourier

transform MR spectroscopy (4). This

allowed them to reduce the time of

the experiments, and because the

pulse repetition interval was relative-

ly short, they found that smaller flip

angles improved the S/N. They in-

troduced the familiar relation of

equation (1).
In a 1983 patent application,

Wehnli proposed applying flip angles

of less than 90#{176}to MR imaging in or-

den to reduce acquisition time while

maintaining as much of the signal as

possible (12). There are several nota-

ble aspects to Wehrli’s proposal.

First, he proposed the use of 180#{176}RF

pulses to refocus the magnetization

and produce a spin echo. The initial

excitation pulse is selective, that is, it

excites only the desired section,

while the 180#{176}pulses are nonselec-

tive. As we saw above, the poor sec-

tion profile of selective 180#{176}pulses

reduces the signal enhancement that

would be expected as flip angle is me-

duced. Therefore, the proposal is for

nonselective pulses, which negates

multisection acquisition. A second

feature of Wehrli’s sequence is that

even though only one echo is ac-

quired, a second 180#{176}pulse is used

after the echo. This is needed, as

shown by Mills et al. (8), so that sig-

nal will enhance for flip angles less

than 90#{176}.If only one 180#{176}pulse is

used, then we predict by means of

the Bloch equations that signal will

enhance if flip angles larger than 90#{176}

are used, thus avoiding the second

180#{176}pulse.

In a separate patent application in

1983, Crooks showed that Ti images

can be calculated if two images are

acquired at the same TR but with two

different flip angles (13). Ti images

can thus be calculated in a shorter

time than is required when the more

customary method of image acquisi-

tion at two different IRs is used (ii).

Fast imaging techniques with par-
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Figures 10, 11. (10) Predicted versus actual partial flip image. (lOa) Predicted partial flip image obtained at 0.35 T, 500/30, 0 30#{176}.(lOb) Ac-

quired image. Because the predicted image is based on conventional spin-echo data acquired over approximately 22 minutes, the S/N of the

predicted image is better than that of the acquired image, which was obtained in approximately 2 minutes. The S/N for partial flip imaging

relative to conventional imaging is also predictable (11). The lesion proved to be a tuberculoma. (11) Hemorrhagic metastasis. (ha) Partial
flip image obtained at 0.35 1, 500/30, 0 30#{176}shows a complex right hemispheric lesion with some low-intensity areas suggestive of hemor-

rhage. (lib) The phase map of ha demonstrates a sharp focal variation in phase that allows for a definite diagnosis of hemorrhage within

the lesion.
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tial flip angles have been introduced

relatively recently, accompanied by a

confusing array of acronyms. Since

the introduction of the FLASH (fast
low angle shot) sequence (14), a

number of groups have introduced

variants of their own such as FFE

(fast field echoes) (15), GRASS (gradi-

ent recalled acquisition in the steady

state) (16), FAST (Fourier acquired

steady-state technique) (17), FISP

(fast imaging with steady precession)

(18), and techniques that simply go

by the name partial flip (11). In most

cases, it appears as if the desire for a

cute or catchy acronym drives the

choice of words used to describe the

technique. A key feature of all these

various techniques is the use of par-

tial flip angles, short TRs, and the

lack of 180#{176}RF pulses in spin-echo

refocusing. Instead, a gradient meyer-

sal technique is used to refocus the

echo.

The literature is not consistent

about the appropriate nomenclature

for this type of echo. Some authors

refer to it as a spin echo, while others

believe that this term should be me-

served for echoes produced by means

of 180#{176}pulses. Other common terms

are gradient echo, gradient reversal

echo, field echo, gradient recalled

echo, and free induction decay. As

with most endeavors in life, simplic-

ity should be encouraged. Cleanly,

three words are not needed to charac-

temize the echo: For instance, use of

recalled or refocused is redundant in

describing a gradient echo. Field

echo is ambiguous, and spin echo ap-

plies both to RF and gradient refo-

cusing. It would seem that gradient

echo (7) is fully explanatory and Un-

ambiguous enough for the MR imag-

ing field. When talking about se-

quences themselves, it would appear

that they can be called RF refocused

and gradient refocused techniques.

Although there are important dif-

fenences between gradient and RF me-

focusing, once the time domain data

are received, the reconstruction

methods are the same in all cases.

Short TR imaging introduces a com-

plication not found when the TR is

long. The transverse magnetization

decays with a time constant T2.

When TR exceeds T2, the transverse

component decays between excita-

tions, but this is not the case when
TR is short. The fast partial flip Se-

quences listed above differ in how

they deal with this issue. By proper

arrangement of the symmetry of the

gradient pulses and choice of flip an-

gle, one can form two images, each

with a very different contrast appear-

ance. This is evident in comparing

the contrast in images obtained with

the FLASH and FISP techniques. The

FLASH image is nominally indepen-

dent of T2, whereas the FISP image is

produced with a steady-state free

precessional signal and depends ex-

plicitly on the ratio of relaxation

times T2/Ti. One potential problem

with steady-state free precession is

that it can be extremely sensitive to

motion. For example, early work by

Holland et al. showed that the cene-

brospinal fluid can become low in in-

tensity with steady-state free preces-

sion, which was interpreted as

evidence for cenebrospinal fluid pul-

sations (19).

Although for the most part the ear-

ly motivation for the use of partial

flip angles was a desire for more sig-

nal intensity at short TRs, some in-

vestigatoms recognized that variation

of flip angle could result in a change

in contrast. Mills et al. (8) showed

that soft-tissue contrast similar to

that obtained with long TR imaging

could be obtained at short IRs by use

of a partial flip angle. It is this latter

characteristic of partial flip MR imag-

ing that is likely to be the most im-

portant in the long term.

CLINICAL APPLICATIONS

A review of the clinical applica-

tions and operating mode of a recent-

ly introduced technique is by defini-
tion incomplete as it is written.

Therefore, in this review we will

mention some uses and limitations as

they are now understood and present

some near-term projections for future

uses.

In the brain, the primary role of

partial flip MR imaging will be to

produce more sensitive and specific

information about the presence of in-

tnacnanial hemorrhage. Winklen et al.

(20) have shown that the decrease in

signal intensity in hemorrhagic le-

sions is far greater with partial flip

imaging than with spin-echo imag-

ing because of the enhanced detec-

tion of magnetic susceptibility pro-

duced by the gradient echoes

employed in a partial flip sequence.

This superiority can be augmented if

phase images of the partial flip se-

quence are also viewed (20)2 (Fig. 11).

Intracranial hemorrhages demon-

strate a sharp focal variation in phase

with the partial flip procedure due to

2 Young JR. Phase-dependent imaging tech-

niques offer a new direction in MR. Diagn Im-
aging 1987; 9:119.
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Figures 12, 13. (12) MR myelogram obtained at 0.05 T with partial flip technique (1,200/40, 0 30#{176}).The use of a reduced flip angle produces

high-intensity cerebrospinal fluid for a myelographic effect that is very useful in the assessment of compromise of the subarachnoid space

from degenerative causes. (13) Cervical disk herniation and multiple sclerosis plaque. (13a) Spin-echo image obtained at 0.35 1, 1,500/40.

(13b) Partial flip image obtained at 0.35 T, 1,000/20, 0 28#{176}.Both studies demonstrate a central C5-6 disk herniation, but the contrast for the

spinal cord lesion is superior on 13a.

enhanced detection of magnetic sus-

ceptibility. This increased detection

of intracranial hemorrhage is seen at

both medium and high magnetic

field strengths (20, 21).

Unfortunately, the increased mag-

netic susceptibility seen with partial

flip imaging will preclude its effec-

tive use in certain parts of the brain.

At interfaces between air and soft tis-

sue (i.e., near the sinuses, mastoids,

and nasopharynx), areas of artifac-

tually diminished signal intensity are

observed (Fig. 5). The appearance of

this artifact is influenced by volume

averaging between air and soft-tissue

regions. For example, the temporal

lobes are better examined in a coro-

nal rather than an axial plane to mm-

imize volume averaging with the

mastoids. If the entire brain were to

be adequately studied with partial

flip procedures, multiplanar imaging

would be needed to displace the loca-
tion of the artifact to different parts

of the brain on different views. Al-

though a properly designed partial

flip procedure can result in contrast

as good as that achieved with a prop-

erly designed spin-echo procedure,

the presence of these artifacts will

mean that the former will be relegat-

ed to an adjunctive rather than a

screening role (20, 21).

Partial flip imaging of the brain

also appears to have nonhemorrhagic

applications. Drayer et a!. have pre-

sented work demonstrating that the

enhanced detection of magnetic sus-

ceptibility further allows for the

identification of brain iron within

normal structures, such as the globus

pallidus, red nucleus, and substantia

nigma, and may allow better identifi-

cation of certain metabolic disease

states and better characterization of

meningiomas (22). They have also

suggested that partial flip imaging

may be useful in examining cerebro-

spinal fluid flow phenomena, vascu-

lan flow phenomena, and intracranial

mineralization.

In the spine, the primary role of

partial flip imaging will be in en-

abling the rapid production of MR

myelograms (Fig. 12). With partial

flip imaging, a short TR combined

with a reduced flip angle can be used

to produce high-intensity cerebrospi-

nal fluid with significantly reduced

artifact from pulsatile flow, com-

pared with that resulting from a

much longer TR spin-echo proce-

dume. Mills and Winklen (23) and
Hedbemg et al. (24) have demonstrat-

ed, at medium and high field

strengths respectively, that partial

flip MR myelography is superior to

conventional spin-echo imaging in

depicting compromise of cervical

subarachnoid space from degenera-

tive on disk disease. The availability

of partial flip MR myelography may

obviate the need, suggested by Rubin

et al. (25), for cardiac gating in order

to produce the myelographic effect at

high field strengths and avoid cene-

brospinal fluid flow artifacts.

Unfortunately, Mills and Winklen

(23) and Hedberg et a!. (24) indepen-

dently found that partial flip MR my-

elogmaphy cannot fully replace con-

ventional spin-echo procedures.

Short TR/shont TE images better de-

pict spinal cord and medullocervical

junction anatomy and remain neces-

sary to demonstrate disease metastat-

ic to the spine. Long TR/intenmedi-

ate-to-long TE sequences remain

necessary to best detect spinal cord

abnormalities such as myelomalacia,

myelitis, and multiple sclerosis. Al-

though a partial flip MR myelogna-

phic procedure can be designed to

show spinal cord lesions, the contrast

for the lesion will not be as good as

that achieved with a properly de-

signed spin-echo procedure (Fig. 13).

In addition, the difficulty of mistak-

ing a spinal cord lesion for volume-

averaged high-intensity cenebrospi-

nal fluid is much less of a problem

with the latter technique because the

lesions can be made to increase in

signal intensity (first echo) before

the cerebrospinal fluid (second echo)

does. It is anticipated that partial flip

MR myelogmaphy will have an im-

pontant role in the diagnosis of de-

generative and disk disease in the

thoracic spine where pulsatile ceme-

brospinal fluid motion can be a pnob-

lem. In the lumbar spine, where cere-

brospinal fluid flow is less trouble-
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Figure 14. Caudate hepatic metastasis. (a) Spin-echo image obtained with breath-hold tech-

nique at 0.35 T, 250/15. (b) Partial flip image obtained with breath-hold technique at 0.35 T,

250/20. 0 70#{176}.Even though the partial flip procedure produces superior S/N, the lesion is

better seen on a due to superior contrast. Much remains to be learned about the application

of partial flip technology to hepatic imaging.

4.#�#{176},

Figure 15. Sequence of cine cardiac MR images obtained at 0.05 T. Images from eight cardi-

ac levels with 16 time points per beat, 30 msec apart. are obtained in 20 minutes and are dis-

played in a cine mode. Such cine MR images provide both anatomic and functional informa-

tion.
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some, partial flip MR myelography

will have a less dramatic impact on

diagnostic quality but may well

prove useful for reducing imaging

times.

In the abdomen, the primary role

of partial flip imaging will be in the

performance of “breath-hold” Se-

quences (i.e., those in which subjects

momentarily suspend respiration) to

eliminate respiratory motion artifacts
(26, 27).� For a breath-hold procedure

the TR must be short (<250 msec) to

accomplish the study quickly (<32

seconds). For such a short TR, S/N in

the upper abdomen can be improved

by decreasing the flip angle to slight-

ly less than 90#{176}(ii). However, sever-

a! difficulties arise with partial flip

breath-hold procedures. First, flow

artifacts in the phase-encoded dimec-

tion are increased, which necessitates

the introduction of presatunation

pulses, which in turn limit the num-

ben of sections obtained in one

breath-hold sequence (28). Second,

the TE must be carefully chosen to

avoid obtaining the water and fat

phase cancellation artifact, which

produces low-intensity outlines

around organs (Fig. 6). Also, the in-

creased magnetic susceptibility due

to the gradient echoes can have the

u nexpected consequence of reducing

the contrast of hepatic lesions (Fig.

14). At this time, much needs to be

learned about the consequences on

contrast of operating in versus out of

phase and about the impact of mag-
netic susceptibility on contrast in the

liver in order to recommend these

protocols for routine clinical use. For

the above reasons, they may eventu-

ally prove less useful than their

higher contrast, lower S/N, lower am-

tifact counterparts, obtained by

means of conventional spin-echo

breath-hold procedures. At this time,

the partial flip breath-hold procedure

in the upper abdomen remains an ad-

junctive sequence to the combination

of a multiacquisition short TR/short

TE procedure and a long TR/long TE

procedure.

In the heart and vascular system,

partial flip imaging has opened new

avenues of exploration in the areas of

cine cardiac MR imaging, as well as

MR angiography. Partial flip cine

cardiac MR imaging can produce im-

ages in which the blood has in-

creased signal intensity and thus al-

lows better appreciation of flow

patterns. Preliminary research by Utz

3 Winkli’r ML. Better contrast gives MR an
edge in upperabdomen. Diagn Imaging 1987;
9.90-95.

et al. (29) and Sechtem et al. (30),

among others, has shown that partial

flip cine cardiac MR imaging can

yield functional information such as

stroke volume, ejection fraction, and

regional wall motion and contractil-

ity. Abnormally contracting infarcted

on aneurysmal regions have been de-

tected with this technique. In addi-

tion, cardiac valve motion and flow

turbulence from stenotic on regungi-

tant lesions can be characterized (31-

33). The partial flip cine cardiac MR

imaging techniques have been effec-

tively applied at field strengths of

0.05-1.5 1 (Fig. 15). The main ques-

tion is whether the technique will

provide additional cost-effective in-

formation compared with that avail-

able from the existing noninvasive
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Figure 16. Three-dimensional partial flip

images of the cervical spine obtained at 0.35

T, 60/20, (1 7’ . Thirty-two contiguous 2-mm

sections are acquired in 16 minutes. The

highly reduced flip angle yields a myelo-

graphic effort for superb delineation of the

subarachnoid space around the cord and

nerve roots.

modalities of echocardiography and

nuclear medicine.

Gradient reversal procedures are

also helpful in MR angiognaphy, dur-

ing which projected views of vessels

are obtained (34, 35). However, pro-

jection techniques do not provide the

detailed information available in

conventional spin-echo views ob-

tamed transverse to the vessel (36,

37). Although many problems re-

main to be solved, such as the appar-
ent disappearance of certain portions

of a vessel (38), MR angiographic

techniques may prove of value in

specific applications or in providing

localization views for transverse im-

aging.

An interesting role for partial flip

MR imaging will be to produce ex-

tremely thin sections with three-di-

mensional Fourier transform tech-

niques. This topic is reviewed in

detail by Carlson et al. (6). Partial flip

imaging offers the best opportunity

for three-dimensional Fourier trans-

form applications because good S/N

can be maintained with an extremely

short TR by means of significantly

reducing the flip angle. Three-di-

mensional techniques also offer the

benefit of overcoming the magnetic

susceptibility artifacts seen with two-

dimensional techniques. Dramatic

thin-section three-dimensional pan-

tial flip images have been shown by

many groups in anatomic locations

such as the cervical spine (Fig. 16)

and knee. However, for a fixed imag-

ing time with partial flips, the three-

dimensional imaging technique has

no advantage in S/N compared with

that achieved in two-dimensional ac-

quisitions, and it has reduced flexi-

bility in sequence design.

CONCLUSION

The clinical radiologist can think

of partial flip MR imaging as a time-

saving technique in which TR and

flip angle are manipulated to yield a

desired contrast. Partial flip imaging

offers the clinical radiologist a pow-

enful tool for the detection of intra-

cranial hemorrhage and for the pro-

duction of MR myelograms. It also

opens new horizons for brain, ab-

dominal, cardiac, vascular, and thin-

section three-dimensional imaging.

In most applications, however, it will

supplement rather than replace con-

ventional spin-echo procedures. #{149}
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