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. The majority of sequences used in routine clinical magnetic resonance imaging

� rely on the concepts involving the spin echo. Spin-echo sequences require long

acquisition times (1-10 minutes), but compared with faster gradient-recalled
� echo methods, spin-echo methods are relatively immune to signal loss and dis-

� tortions from field inhomogeneity and tissue-induced susceptibility variations.

. Through modifications of intersequence repetition time (TR), echo formation

interval (echo time [TED, and various gradient moments, image contrast can be
altered to emphasize tissue relaxation times Ti , T2, or proton density. The TR

.� and TE values control the amount of Ti weighting and T2 weighting, respec-
tively. At long TR intervals (approximately 10 x tissue Ti values) and minimum

TE values, the difference in signal intensity arising from relaxation vanishes,

and contrast arises solely from the differences in proton density between the

. two tissues. Images formed with short TR intervals and long TE values exhibit
very low signal-to-noise ratio and negligible contrast and should be avoided. Re-

cently, fast spin-echo sequences have partially overcome the limitation of long
� acquisition times, with up to 16-fold reduction, by acquiring multiple lines in k

. space with multiecho sequences.

. INTRODUCTION
Contrast mechanisms in magnetic resonance (MR) imaging are plentiful. Unlike com-

puted tomography, which relies on the differences in the x-ray attenuation coefficients
of various tissues, MR signals of biologic tissues can be influenced by multiple mecha-
nisms and strongly depend on the pulse sequence used. Many MR pulse sequences

have been developed that are capable of probing a broad array of diverse physical prop-
erties, including molecular dynamics, relaxation phenomena, magnetization exchange
rates, diffusion, magnetic properties of tissue, chemical sensitivity, and motion. How-
ever, in routine clinical applications, the vast majority of imaging procedures rely on

Abbreviations: TE echo time, TR = repetition time

Index terms: Magnetic resonance (MR), physics #{149}Magnetic resonance (MR), pulse sequences #{149}Magnetic resonance

(MR), rapid imaging

RadloGraphics 1994; 14:1389-1404

� From the Department of Medical Biophysics, University of Toronto Sunnybrook Health Science Centre, 2075 Bayview

Aye, Toronto, Ontario, Canada M4N 3M5. From the RSNA/AAPM Physics Tutorial at the 1993 RSNA scientific assembly.

� Received June 9. 1994; revision requested July 25 and received September 22; accepted October 4. Address reprint

requests to the author.

C RSNA, 1994



Figure 1. Sagittal spin-echo images of the head demonstrate the proton density, Ti-weighted, and T2-weighted

tissue variations. The three images show large variations in contrast for normal anatomy and provide three differ-

ent vantage points from which to assess various pathologic conditions.
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relatively simple imaging protocols that restrict

the mechanisms of contrast formation to proton

density and relaxation effects. Although gradi-

ent-recatled sequences are gaining in their

breadth of application, the buLk of routine clini-

cat imaging involves variants of spin-echo se-

quences.
This article presents the basic physics of con-

trast formation in the spin-echo sequence and

reviews the role of various timing factors that

are used to manipulate image contrast. The no-

tion of k space, which describes how acquired

data are organized, is introduced. In addition,

the fast spin-echo method that has recently been
developed to overcome the long spin-echo ac-
quisition times is discussed, and its contrast

properties and limitations are reviewed in com-

parison to conventional spin-echo imaging.

. RELAXATION EFFECTS
The primary factors providing image contrast in

spin-echo MR imaging are proton density, spin-

lattice or longitudinal relaxation (Ti), and spin-

spin or transverse relaxation (T2). Although im-

age brightness modulations from proton density
are present in all MR images, contrast can be ad-
justed further by manipulating the timing param-

eters in the spin-echo sequence to illustrate tis-

sue differences in relaxation properties. Figure

1 illustrates these effects with images in which

contrast largely depends on proton density, Ti,

and 12 distributions throughout the head. To

appreciate the details of how image contrast is

formed in each of these cases, one must be fa-

miliar with the nature of common relaxation

mechanisms in proton MR imaging.

. Spin-Lattice Relaxation
MR signals arise from the manipulation of mag-

netization that results from polarized hydrogen
nuclei in a static magnetic field. The size of this

equilibrium magnetization (M) primarily de-

pends on the strength of the applied magnetic

field and the proton density. In the equilibrium

condition, magnetization is aligned parallel to

the applied magnet field B0. Radio-frequency
pulses can be used to excite the protons, which

in turn can be understood as manipulations in

the direction and magnitude of the magnetiza-

tion. Spin-lattice relaxation is a process that is

responsible for the dissipation of energy from

these excited protons into their molecular envi-

ronment or the “lattice” (Fig 2).
Initially, the magnetization is oriented paral-

let to the applied magnetic field. A 90#{176}radio-fre-

quency pulse causes the magnetization to be

tipped into the x-y or “transverse” plane and re-
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Figure 2. Spin-lattice relaxation. Diagram (top) shows the state of the proton magnetiza-
tion vector at various points after a 90#{176}excitation pulse along with a plot (bottom) of the
corresponding component of the longitudinal magnetization (M) (ie, the z direction of the

applied magnetic field).

sults in an increase in the energy of the proton

nuclei. When the magnetization is in the trans-
verse plane, it can generate an MR signal that is

proportional to its size in the transverse plane.
Once in the transverse plane, other relaxation
effects cause the constituent components of
the magnetization to undergo dephasing, which
results in a loss of transverse magnetization and

signal. With time, the longitudinal component

of magnetization returns to its original equilib-

rium orientation with a corresponding increase
in the M� component. The spin-lattice or Ti re-

taxation time is a measure of the time required

for M� to return to 63% of its equilibrium mag-

netization M0. Thus, Ti relaxation can be seen

as the dissipation of energy from the hydrogen

nuclei (the energy that they absorbed as a re-
suit of spin excitation).

. Spin-Spin Relaxation
In spin-spin or T2 relaxation, no energy is dissi-
pated; rather, it can be viewed as a process that

progressively reduces order after an excitation

pulse. In a perfectly homogeneous magnetic

field and in the absence of spin-spin coupling,

all nuclei would precess at the same resonance

frequency and thus maintain their alignment at�
ter a 9O� excitation. However, as previously dis-
cussed and as shown in Figure 2, the individual

components of magnetization shortly lose this

alignment and rotate at various rates in the

transverse plane. Thus, these components lose
their original orientation and progressively
spread out over the transverse plane, resulting
in a signal loss.

An important factor that causes spin dephas-

ing arises from spin-spin interactions, which

cause nuclei to exchange energy. The rate at
which magnetization is lost by this process is
characterized by the T2 relaxation time. In gen-

eral, both local field variations and spin interac-

tions contribute to the toss of transverse magne-

tization, which will decay to zero with a charac-

teristic time constant T2’. A spin-echo measure-
ment technique is used to separate these two

effects.



d�< e)

1392 #{149}Imaging & Therapeutic Technology Volume 14 Number 6

. THE HAHN OR SPIN ECHO
The concept of spin echoes was originally intro-

duced in 1950 by Hahn (1) only 4 years after

the first experimental demonstrations of nu-
clear MR (2,3). The spin-echo technique is com-
posed of two radio-frequency pulses, with the
first pulse being a 900 excitation to tip longitu-

dinal magnetization into the transverse plane,
followed by a 1800 “refocusing” pulse to form
an echo (Fig 3). A string of i80#{176}pulses can be
used, forming a Carr-Purcell-Meiboom-Gili

(CPMG) sequence (4,5) that results in a gradual

reduction in echo amplitude with each echo

(Fig 4). This signal decay is due solely to spin-
spin relaxation. The time for the echo ampli-

tudes to decay to 37% of their initial magnetiza-
tion is the T2 time.

. Typical Relaxation Times

Typical values for relaxation times and proton
densities (6) (normalized to that of cerebrospi-
nat fluid) for a range of tissues in the head
when imaged at 1 .5 T (7) are given in the

Table. These data are approximate and have
considerable intra- and interpatient variability
(8). Nevertheless, they illustrate the general

trend seen in many cellular tissues: Tissues with

high Ti values also tend to exhibit tong T2 vat-
ues and frequently elevated proton densities.

This trend may not be seen in tissues that

contain iron in the form of deoxyhemoglobin

and methemoglobin, which influence the pro-

ton relaxation rates (9,10). Lesions in the brain

tend to exhibit longer Ti and T2 relaxation
times than do their counterparts in parenchy-
mat tissues; however, exceptions do occur (6).
Most white matter lesions have increased pro-

ton density, which correlates with increased re-
taxation times (6). The relative differences in

Ti , T2, and proton density for white and gray

matter are 33%, 1 3%, and 1 2%, respectively.
This shows that large intrinsic contrasts are

available for imaging, and typically the contrast
between a lesion, accompanying brain edema,
and surrounding tissue is large.

TR
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Figure 3. Mechanism of a spin echo. Diagrams a),

b), c), d), e), andJ) show the state of the magnetiza-

tion at various times (a-f) during a spin-echo pulse
sequence (top). TE = echo time, TR = repetition
time. At time a, immediately after the 90#{176}pulse, the
magnetization exhibits coherence and is detectable
as a net transverse magnetization. Because of varia-

tions in local magnetic field over the sample and

spin interactions, nuclei at different locations experi-
ence different fields and accordingly precess at dii-
ferent Larmor frequencies. Consider two nuclei that
rotate slightly faster (F) or slower (5) than the rotat-
ing frame. After t seconds (time b), nuclei F and S
will have accumulated a phase angle of J3and p, re-

spectivety. The second radio-frequency pulse rotates
these two vectors about the x axis by i80� to place
F and S in their mirror positions (about the x axis) at
time c and negates their respective y components.
Most important, the two vectors now have the same

angular relation to the negative y axis after the in-
verting pulse as they exhibited to the positive y axis
before the inverting pulse, and they continue to drift
in the same direction. Thus, during the next t sec-
onds after the refocusing pulse, nuclei F and S will
precess another J3and q radians to become aligned
along the negative y axis to form an echo or an in-
crease in transverse magnetization and signal at TE.
By this means, signal decay arising from constant
variations in magnetic field is removed and any dii

ference in echo amplitude is due solely to T2 effects.
At some later time e, the nuclei will have again
dephased and all transverse signal will be lost. At
this point, a second 180#{176}pulse could be applied to
form a second echo.
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Relaxation Times and Proton Densities at 1.5 T

Tissue Ti (msec) T2 (msec) Proton Density

White matter 5i0 67 0.61
Gray matter 760 77 0.69
Edema 900 i26 0.86
Cerebrospinal fluid 2,650 280 1.00

/�
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Data � llhI1Illl�I�IIll1�
256 /,L

samples

msec.
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Figure 4. Diagram plots several echoes and the pulse sequence used for the measurement

of the T2 relaxation time. The T2 relaxation time is the time required for the spin-echo ampli-
tude to decay to 37% of its maximum value (Si).

TE � 1TR

RF echo 90#{176}

Gffl� P-J�\_

� [�\ I-

G�

Figure 5. Diagram depicts a pulse sequence for a
spin-echo imaging sequence. G�, � G� = magnetic
field gradients in the x, y, and z directions, RF = ra-

dio frequency.

#{149}Spin-Echo Imaging Sequence
The pulse sequence diagram for a spin-echo im-
aging sequence is shown in Figure 5 . The se-
quence is similar to the spin-echo sequence

previously described and is composed of a se-

ries of selective 900 and 1800 pulses that gener-
ate a spin echo at a specified time (FE) after the
initial 900 pulse. This sequence is repeated at a
specified interval (TR). Both TR and TE are ad-
justable and provide the main means whereby

image contrast can be manipulated. TR is gener-
ally chosen to range from 300 to 3,000 msec,
whereas TE is chosen to be within 15-300

The transverse magnetization is measured in
the presence of a readout (G�) gradient, during
which time many samples (N) are taken. Usu-
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Figure 6. Diagram illustrates the section 4�
interleaving principle of multisection

MR imaging acquisition.

ally, 256 data samples are taken; however, few-

er samples can be acquired in fractional echo
acquisitions. The application of the readout gra-

dient provides spatial localization in the x direc-

tion through frequency encoding. Spatial local-

ization in the y direction is achieved by apply-

ing a variable phase-encoding (G�) gradient,

which is incremented with each TR interval.
If N,, rows of pixels are desired in the phase-en-

coding direction, G� is usually incremented at

least N times. However, as the k-space data ex-
hibit certain symmetry properties, only slightly

more than half as many phase-encoding views
may be required, which allows a substantial re-

duction in acquisition or scan time.

Often, improving the signal-to-noise ratio in

an image is desired and can be achieved by av-
eraging a number of identically phase-encoded
measurements (ie, number of signals averaged

[NSA)). The net result of these repeated pulse
sequences is an overall acquisition time equal

toN3,� NSA.TR.

. Multisection Imaging

As described, the spin-echo sequence can gen-
crate a single section in the acquisition time Ts.

For example, the parameters of NSA = 1 , N3, =

256 phase-encoding views, and TR = 2,000

msec translate into an acquisition time of 8.5

minutes. The obvious limitation of this ap-

proach is that it must be repeated for each de-

sired section location. This limitation is elimi-

nated by use of a multisection technique that

all commercial MR imaging systems employ,

which allows a dramatic increase in the number
of sections acquired (Fig 6). During the long TR

TR(milliseconds)

Figure 7. Diagram shows the magnitude of longi-

tudinal magnetizaton (M,) from gray and white mat-

ter plotted as a function of TR from the data in the
Table, with a TE of zero.

interval after the spin echo has occurred, there
remains a considerable period during which ad-

ditional sections can be interleaved from other

locations (1 1). Thus, because the TE interval is

much shorter than the TR interval, many see-
tions can be acquired simultaneously.

In principle, each section is spatially selec-
tive, and sections do not interfere with each
other. However, in practice, the quality of the

selective pulses is less than ideal and adjacent

sections can influence each another, leading to

degraded contrast. A simple approach for over-
coming this limitation is to collect spatially al-
ternate sections in temporal succession, thus
minimizing the likelihood of interference. Alter-
natively, providing a small gap between see-
tions further reduces contrast degradation. By

this means, the number of sections that can be

acquired is approximately equal to TRTFE, and



Figure 8. Sagittal images of the head obtained at various TR times for a minimum TE (17 msec) dem-
onstrate the effects of TI and proton density weighting.
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typically up to 30-40 sections to be acquired

in one scanning sequence, depending on the

pulse sequence timing parameters.

. Contrast in Spin-Echo Imaging
The choice of pulse sequence timing param-
eters determines the contrast in spin-echo
images. The TR value controls the amount of

Ti weighting, and the TE value controls the

amount ofT2 weighting.

The effect of TR on image contrast is seen in

Figure 7, which demonstrates the maximum de-

tectable signal from gray and white matter. As

TR increases, magnetization is allowed to return
more fully to its maximum value. At long TR in-

tervals, the difference in signal intensity arising
from Ti relaxation vanishes and contrast arises

solely from the differences in proton density be-

tween the two tissues. At shorter TR intervals

(on the order of tissue Ti values), gray matter

magnetization recovers more slowly than does
white matter magnetization because of the

longer Ti relaxation time of gray matter. How-

ever, because the proton density of gray matter

is greater than that of white matter, the two

recoveries cross at approximately 1 ,300 msec
(Fig 7). On spin-echo images obtained with TRs

longer than 1 ,300 msec, the signal from gray

matter dominates (Fig 8). In addition, signal-to-

noise ratio increases with increased TR due to a

more complete return to maximum magnetiza-
tion.

As seen in Figure 8, the contrast between

gray and white matter is welt resolved at short

(similar to Ti values) and long (2,500 msec) TR

intervals, which correspond to Ti-weighted

and proton density-weighted sequences, re-

spectively. At intermediate TR intervals (i ,500
msec), the contrast between the two tissues

vanishes, as indicated in Figure 7.
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Figure 9. Plots demonstrate the effect of varying TE in a spin-echo image with a short TR (500 msec) interval

(left) and a long TR (2,000 msec) interval (right) for gray and white matter.

The effect of variable TE on signal is seen in
Figure 9. For a pulse sequence with a TR of 500
msec, the signal from white matter is greater

than that of gray matter for TEs less than 60
msec (Fig 9a). For larger TE values, gray matter

dominates, whereas intermediate values of TE

cause the contrast between gray and white mat-
ter to vanish. For a pulse sequence with a TR of
2,000 msec, the signal from gray matter is con-
sistently greater than that of white matter over

a wide range of TE values (Fig 9b). As seen in

Figure iO, images formed with short TR inter-
vats and tong TE values exhibit very tow signal-

to-noise ratio and negligible contrast and should

be avoided.
It is clear that three distinct regions of con-

trast occur (Fig 1 1). Images acquired with a

minimum TE value and a TR value approxi-

mateiy equal to the Ti of the tissue are predom-

inantly Ti weighted. Similarly, images acquired
with a long TR value and a TE value approxi-

matety equal to the tissue T2 value are T2

weighted. It is important to note that proton
density weighting is always present in spin-

echo images. Although in principle the contri-

butions from Ti and T2 can be minimized by

using a pulse sequence with minimum TE and
long TR values to reduce the influence of all re-

taxation effects, in practice the minimum TE

limits of MR imaging systems result in some T2
weighting for tissues with very short T2 values,
such as tendons.

. FAST SPIN-ECHO IMAGING

The acquisition times for Ti- and T2-weighted
spin-echo imaging can range from 1 to 10 mm-

utes, depending on the choice of TR, the num-

ber of pixels in the phase-encoding direction,
and the number of signals averaged used in data
acquisition. Protracted acquisition times are
problematic, since they lead to reduced clinical
throughput and increase the potential for mo-
tion artifacts. These problems have led to an

ongoing search for pulse sequences that pro-
vide the clinical image quality of spin-echo se-
quences but at faster acquisition rates. Al-

though gradient-recalled sequences can be used
to produce images in seconds, limitations in

terms of image contrast and artifacts arising
from variable tissue susceptibility result in im-
ages with contrast that is degraded consider-
ably from that typical of spin-echo images.

One approach for providing image quality
similar to that of conventional spin-echo imag-
ing is through the use of a variant of the rapid
acquisition with relaxation enhancement
(RARE) sequence (1 2- i 4), which is referred to
as fast spin-echo or turbo spin-echo imaging by

various manufacturers. To understand the op-

eration of this sequence, it is necessary to ap-

preciate how the data are acquired and orga-
nized in conventional MR imaging.



Figure 10. Sagittal images of the head obtained with TR intervals of 400-2,500 msec and TE values
of 10-90 msec demonstrate the effects of short TR and long TE values.

Repetition lime (1R)
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Figure 11. Diagram depicts various types of con-
trast for spin-echo imaging. The hatched regions cor-

respond to the TR and TE combinations needed for

proton density, Ti , and T2 weighting.
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Figure 12. Images demonstrate a simplified spin-echo sequence (top), together with the raw
data (lower left) and the reconstructed image (lower right). Raw acquisition data are stored in

k space in a line by line fashion. This is repeated on an interval of TR seconds until alt of k

space is filled. Reconstruction of the data with a Fourier transform produces the final image.

freq = frequency.

.� TR _______________
1st ____ Mth

0 180#{176}echo � TE-*� echo 900IIH�R,H\ALHj�j\,� ft

�i=NfMxTRxNEX

Figure 13. Diagram demonstrates a fast spin-echo sequence. M phase-encoding views are

obtained from a single 90#{176}pulse and are distributed evenly over k space. This reduces the

number of repetitions needed to fill k space and the total scan time (Tscan) by a factor of M.

-Ky and 4-Ky = the range of phase-encoding views required, NEX = number of averages.



- �1 � � � � Images � how the various regions of K space (upper row) can be reconstructeU, with the

corresponding images (bottom row). Reconstructions are shown for alt of the data (left), the center of k space
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(center), and the outer regions of k space (right).

Figure 1 2 shows an abbreviated depiction of

the conventional spin-echo sequence, together

with the raw data and the reconstructed image.

As mentioned, each spin echo is typically sam-

pled 256 times throughout its duration. The re-
sultant “line” of raw data is recorded as a “view”

in the raw data domain or “k space. “ K space is
then sequentially filled line by line until all of

the necessary phase-encoding views have been
completed. The final image is formed through a
reconstruction of the k-space data by means of

Fourier transformation. Thus, for each phase-en-

coded view, an 900_1800 excitation sequence is
required, which in turn requires an interval of
TR seconds. In the fast spin-echo sequence, 5ev-
eral k-space views are collected for each 90#{176}ex-

citation pulse by using multiple 1800 pulses to

form a number of separately phase-encoded

spin echoes during a single TR interval (Fig 13).

Thus, jiM views are collected during each TR

interval, the final acquisition time would be re-

duced by this factor.

This approach appears to contradict the ear-

tier description of how contrast in spin-echo

images is formed, since the fast spin-echo se-

quence uses multiple echoes, each with a dii

ferent T2 weighting. Accordingly, one would

expect this mixing of echoes in k space to lead
to a very complex image contrast. The apparent
difficulty, however, can be easily resolved. As

seen in Figure 14, if all of the data in k space are

used for image reconstruction, the image has
full detail and contrast. If only data from a por-

tion of the center of k space are used, the recon-

structed image looks much the same, with a

clear rendering of overall image contrast and
shape but without edge defmition. Conversely,

if only data from the outer regions of k space

are used, the image lacks the broad area con-
trast but has edge detail.

Thus, data acquired near the center of k

space render the overall image contrast, where-
as data collected at the outer regions encode the

edge detail. This suggests that image contrast in
fast spin-echo imaging can be adjusted by choos-

ing which echo wilt be encoded near the center

of k space to ensure proper contrast and by us-

ing the remaining echoes to collect edge detail.

In a Ti-weighted fast spin-echo sequence, the
earliest echoes, which are the ones that are

most Ti weighted, are chosen to sample the

central region of k space, and later echoes are
progressively spaced toward the outer regions

of k space (Fig 1 5). Conversely, a heavily T2-

weighted sequence, which corresponds to the
TE of the last echo, reverses the echo and phase-

encoding order, with the last echo used to en-
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16.
Figures 15, 16. Placement of the multiple echoes of a fast spin-echo sequence (top) and into their

corresponding locations in k space (bottom). (15) A Ti-weighted sequence places the earliest echo in

the center of k space, with later echoes used to encode the rest of k space as shown. In this case, the
TR interval is chosen to provide Ti weighting to the image. (16) A T2-weighted sequence places the

last echo in the center of k space, with earlier echoes used to encode the rest of k space as shown.

The effective TE corresponds to that of the fourth echo.



18.
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Figures 17, 18. (17) Ti-weighted images obtained with a conventional spin-echo sequence (right)

and a fast spin-echo sequence (left) with an echo train length of four and a 500-msec TR. The images

are very similar, even though the fast spin-echo image was obtained four times faster. The latter image
shows a slight reduction in resolution due to echo decay throughout the echo train. (18) T2-weighted

images obtained with a conventional spin-echo sequence (right) and a fast spin-echo sequence (left)

with an echo train length of four and a 2,000-msec TR. TE was 68 msec for the conventional image,
and the TE encoding the center of k space in the fast spin-echo image was also 68 msec. The images
are very similar, even though the fast spin-echo image was obtained four times faster. Blurring seen in
the Ti-weighted fast spin-echo image is not apparent in the T2-weighted fast spin-echo image because

the earlier echoes are used to sample the higher frequency phase-encoding views.

code the central region of k space and earlier
echoes progressively spaced toward the outer
regions of k space (Fig i6). If an intermediate

echo were chosen for a T2-weighted sequence,
an intermediate ordering of echoes would be

placed at the center of k space, with the re-
maining echoes used to acquire the remaining

regions of k space.

In all cases, the TE corresponding to the
echo that encodes the central region of k space
is the TE responsible for the overall image con-

trast. This is shown in Figures i7 and 18, which

compare the fast spin-echo and conventional

spin-echo sequences for both Ti- and T2-

weighted images of the head. The fast spin-echo
images, which were obtained with shorter ac-
quisition times, are virtually identical to the

conventional spin-echo images. Fast spin-echo
sequences that use a long echo train with more



echo train lengths of one (upper left), four (upper right), eight (lower te.4,andl� (lower righOl e

acquisition time, relative to that needed for a conventional spin-echo image, is reduced in proportion

to the echo train length used in the fast spin-echo sequence. As the echo train length increases, the

resolution in the phase-encoding direction degrades due to T2 decay.
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echoes can progressively increase scanning

speed but at the cost of some image degrada-

tion, which is characteristic of the fast spin-

echo sequence.

. Artifacts and Limitations in Fast

Spin-Echo Imaging

The use of multiple refocusing pulses to collect
several phase-encoding views introduces a num-

ber of subtle artifacts in fast spin-echo images,
the full description of which is beyond the
scope of this article. The most notable artifact
is a T2-dependent resolution in Ti-weighted im-

ages. The mechanism for this effect can be Un-

derstood if we consider the pulse sequence
shown in Figure 1 5. The use of multiple echoes
to encode various regions of k space is influ-
enced by the decay of the echo train from T2
relaxation. Specifically, as the later echoes are

used to encode the outer regions of k space,

signal decay for these echoes will attenuate the

data that correspond to edge detail in the im-

age. Thus, the shorter the T2 value for a given
tissue, the greater the attenuation of edge detail

for that tissue. Conversely, the more the speed

of the fast spin-echo sequence is increased by

using more echoes, the greater will be the T2

decay of edge detail throughout the image,

with the greatest resolution loss occurring for

those tissues with shortest T2. As seen in Fig-
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ure 1 9, when a fast spin-echo sequence is per-

formed with a single echo, the resultant image

is identical to a conventional spin-echo image,

with uniform resolution. As a greater number of

echoes are used to increase scanning speed, a

clear loss of resolution in the phase-encoding

direction is seen. Thus, in fast spin-echo imag-

ing, a compromise must be made between scan-

ning speed and resolution. The choice must be

based on consideration of the T2 values of the

tissues involved in the image and the interecho

delay time used in the sequence. The inverse

of this situation can occur in T2-weighted se-

quences, in which earlier echoes are used to

encode the outer regions of k space. This re-
suits in a subtle apparent increase in image

resolution throughout the image due to an in-

crease in the magnitude of echoes at the outer

regions of k space relative to that seen on con-

ventionat spin-echo images (Fig 18). In general,

this effect is modest and usually not trouble-

some.

Because of the long echo train typical of fast

spin-echo sequences, the number of sections

that can be interleaved for a given TR interval
will be reduced. For example, in a conventional
Ti-weighted sequence (700/20 [TR mseclfE
msec]), approximately 35 sections can be ac-
quired. In a fast spin-echo sequence with an

echo train length of eight and the same TR in-
terval, the echo train will last approximately
160 msec and only four sections can be ac-

quired, since the time taken to collect multiple

k-space views is not available to interleave see-

tions. The reduced number of sections is a fun-

damental limitation of Ti-weighted fast spin-

echo sequences, since the TR interval is care-
fully chosen to maximize image contrast. It is

feasible to increase the TR value somewhat be-

cause the echo train can be quite long; how-

ever, limitations in section number still remain.
In the T2-weighted fast spin-echo sequence,
this issue is not as problematic because the TR

interval can easily be increased to accommo-
date more sections. T2-weighted sequences
have the added benefit of improving signal-to-
noise ratio and net contrast. Although increas-

ing TR partially reduces the speed advantages

of fast spin-echo methods, the gains in speed in

the clinical setting are still significant in se-
lected applications.

I CONCLUSIONS
Spin-echo imaging and its derivatives remain

the most common form of clinical MR imaging
performed today. The capability of providing

images of high signal-to-noise ratio and contrast
that are robust in terms of artifact formation is

among the strengths of this pulse sequence.

The exquisite T2 contrast that can be delivered
by spin-echo methods remains a standard of

clinical imaging, against which alternative Se-
quences must be compared. Nevertheless, the

overall acquisition times for spin-echo Se-
quences can be long. More recently, fast spin-
echo sequences have been introduced, and
they are generally found to provide very com-

petitive contrast and signal-to-noise ratio at ac-

quisition times that can be up to eightfold

shorter.
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Answers for September 1994 CME Test 2

The answers for the test on MR Imaging Instrumentation and Image Artifacts, published in the Sep-

tember issue ofRadioGraphics (RadioGraphics 1994; 14:1083-1096), are given below.

“CT Evaluation of the Anterior Medlastinum Spectrum of Disease.”
RadioGraphics 1994; 14:973-990

Page 976, column 2, lIne 2: The sentence beginning “The attenuation. . . “ should read as follows:
“The attenuation before administration of contrast material is usually in the range of 46-75 HU, simi-

lar to that of the chest wall musculature (10); cystic-appearing thymomas of tow attenuation have
also been identified.”

Page 981, column 1, second paragraph: The following article was used in the preparation of this
paragraph and should have been cited here and included in the reference list: Hopper K, Diehi L,

Cole B, Lynch J, Meilstrup J, McCauslin M. The significance of necrotic mediastinal lymph nodes on
CT in patients with newly diagnosed Hodgkin disease. AJR 1990; 155:267-270.




