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Theoretical considerations on the signal-to-noise ratio (SNR) in
LASH-EPI-Hybrid imaging were published previously. The pur-
ose of this work was to investigate in vivo the signal intensities in
ybrid images as a function of sequence specific parameters. In
etail, the SNR as a function of the number of echoes m per RF
xcitation, the excitation flip angle a, and the dependence on the
issue relaxation times T1 and T2* were studied. In eight healthy
ubjects brain and abdominal Hybrid images were acquired where

and a were changed independently. Signal intensities in human
rain, liver, and kidney were evaluated for each Hybrid experi-
ent. Additionally, T1 and T2* values of these tissue types were

uantified to allow for a comparison with the theory. An excellent
greement between calculated and measured signal behavior was
ound. The theory was therefore validated in vivo and can thus be
sed to optimize the signal-to-noise in Hybrid experiments. © 1999

cademic Press

Key Words: rapid MR imaging; multishot EPI; segmented EPI;
ybrid sequence; signal-to-noise ratio.

INTRODUCTION

FLASH and EPI are two common fast gradient echo reca
R imaging methods (1, 2). Hybrid sequences of both tec
iques, referred to as multishot, segmented, or interleaved
ave been studied recently (3, 4). These sequences are ba
n the acquisition of multiple lines ink-space after each R
xcitation pulse (k-space segmentation). Thus, in compar

o FLASH imaging, Hybrid sequences allow for considera
educed acquisition times due to a reduced number of ex
ion pulses and gradient switching steps. In addition, hi
xcitation angles may be applied because of longer repe

imes (TR). This results in an increased signal-to-noise
SNR). In comparison to single-shot EPI, Hybrid imag
rovides a better spatial resolution and signal gain bec
horter echo trains are less prone to T2* losses.
Typical Hybrid applications, such as cardiac and abdom

tudies or functional MR imaging, demonstrate the pote
dvantages of the Hybrid sequences over the conven

echniques (5–7). However, the published studies using
ybrid approach were focused exclusively on qualitative

eria, e.g., the lesion/adjacent tissue contrast, the overall i

1 To whom correspondence should be addressed at Physikalisches I
m Hubland, 97074 Wu¨rzburg, Germany.
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uality, the absence of motion artifacts, or the obtain
esolution within a single breath-hold. In almost all th
tudies only a few segmentation steps were tested (gene
wo-, four-, or eight-shot EPI sequence) and the results
ompared qualitatively with established techniques (6, 8, 9).
ence, today the number of echoes per shot is mostly ch
mpirically: About 3 to 5 echoes are used for cardiac inv
ations, and a higher echo train length for brain imaging.
The purpose of this study was to compare the performan

ybrid sequencesin vivo in a quantitative fashion. Thus, sign
ntensities in Hybrid images were investigated systematic
ince the obtainable SNR depends on tissue as well as on im
arameters. For example, if the transverse relaxation time T
tissue is short, there is a fast decay of the transverse ma

ation during the acquisition of the multiple echoes withi
ybrid echo train. This leads to a considerable signal loss o
nal echoes and thus to a loss of SNR in the image. There
ybrid experiments with small echo train lengthm are recom
ended. If the longitudinal relaxation time T1 of the investiga

issue is long, there is a slower longitudinal relaxation during
epetition time TR. Thus, smaller excitation flip anglesa have to
e used, which results in a low SNR.
This demonstrates that the SNR and the respective contr
Hybrid image for a certain type of tissue depend on

equence parameters: the number of echoesm and the flip angl
. Nonoptimized parameters result in a significant signal
hich may overcompensate the advantages of the Hybrid
ique over FLASH or EPI. This signal loss can be avoided
pplying a theoretical approach reported in Ref. (10), which
escribes the signal strength of a Hybrid sequence in depen
n m and a. These calculations utilize as input parameters
elaxation times T1 and T2* of the target tissue and ima
arameters of the applied Hybrid sequences. With the know
f these input parameters, Hybrid experiments can be simu
rst and then performed under optimized conditions, maximi
he SNR within the minimum possible imaging time.

Therefore, the aim of this work was to verify the theoryin
ivo for several organs on a standard clinical scanner
o suggest optimum parameters for Hybrid experim
erformed for each anatomical region investigated initut,

tudy.
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75SIGNAL INTENSITIES IN HYBRID IMAGING
THEORY

In Hybrid imaging a series ofm echoes with a differen
egree of phase encoding is acquired after a slice selectiv
ulsea, thus coveringm distinct lines ink-space. Ifn echo

rains are measured, the total number of phase encoding
is given byN 5 n z m. For m 5 1, the Hybrid sequenc

orresponds to a FLASH experiment; form 5 N, to an EP
equence.
In general, there exists an optimum pair of parametersm and
that provides the maximum SNR for a given tissue. Th

ptimum values can be determined by using the knowled
he longitudinal relaxation time T1 and the effective transv
elaxation time T2* and by applying a theory reported in R
10). This theoretical approach was originally developed f
oint source where in the ideal case of no relaxation
ampledk-line has the same contribution to the signal. In
ollowing we summarize the most important results of
heory for completeness:

(a) For a given set of tissue relaxation times T1 and
here exists an optimized Hybrid sequence characterized
et of values (m, a) that maximizes the SNR to a value wh

s usually higher than the SNR of a FLASH or an EPI
uence.
(b) The influence of T2* is much more pronounced than

nfluence of T1.
(c) The optimum value ofm increases with T2*.
(d) If the optimum values ofm anda are chosen, there is n

eterioration of the image resolution due to the deca
ransverse magnetization during the acquisition of the
rain.

(e) The effect of diffusion may be neglected under stan
maging conditions, but may be considerable for NMR mic
opy.

In the original theory two attenuation factors,Ap and Bq,
ere calculated for each sampled echo, wherebyp ( p 5
, . . . , n) denotes the respective RF excitation number aq
q 5 1, . . . ,m) the position of the echo within the echo tra
he signal intensity normalized to 1 is weakened byAp due to
1 relaxation during the course of the acquisition (11) and by
q due to T2* relaxation during the sampling period of an e

rain.
For the calculation of the signal attenuation factorsAp the

ollowing basic principles have to be assumed: If each
ulse turns the magnetization by a flip anglea and spoiling is
erformed at the end of each repetition time, the longitud
agnetizationM(t), which is due directly before the RF e

itation performed at timet 5 i TR (i 5 0, . . . , n 2 1),
pproaches a saturation valueM*0, which is smaller than th
quilibrium valueM 0. If the spin system is relaxed complet
t the beginning of the measurement, the time dependen

he longitudinal magnetizationM(t) can be written as (11)
RF
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M~t! 5 M*0 1 ~M0 2 M*0!e
~2t/T1* !, [1]

here the saturation magnetizationM*0 is given by

M*0 5 M0

1 2 e2TR/ T1

1 2 cosae2TR/ T1 5 M0

1 2 e2TR/ T1

1 2 e2TR/ T1* . [2]

or a , 90° an effective longitudinal relaxation time T1
hich is shorter than T1, is given by

1

T1*
5

1

T1
2

1

TR
z ln cosa. [3]

ith a choice of repetition time TR! T1 and TR! T1*, the
aturation magnetizationM*0 can be approximated as

M*0 5 M0T1*/T1. [4]

he attenuation factorAp describes the longitudinal magne
ation directly before thepth excitation at the timet 5 ( p 2
)(TR) divided byM 0 for normalization to 1. As a result th

actor Ap may be written with Eq. [1] as

Ap 5
1

M0
$M*0 1 ~M0 2 M*0!e

2~~ p21!TR)/ T1*%. [5]

he Bq factors are calculated using the equation

Bq 5 e2~TE~q!!/T2*, [6]

ith TE(q) denoted as the echo time of theqth echo of the
cho train.
A double sum over the contributions (Ap z Bq) of all echoes
ultiplied by sina to take into account that the transve

omponent of the magnetization is used for imaging,
ivided by N for normalization, yields the resulting sign

ntensity, and thus the achievable SNR in a Hybrid image

S~m, a! 5
1

N O
p

n

Ap O
q

m

Bq sin a. [7]

or known T1 and T2* relaxation times and for a fixed ma
ize N 5 n z m, Eq. [7] describes the theoretical sig

ntensity S(m, a) in a parameter space formed bya and m.
his means the signal intensity can be maximized in de
ence ona and/orm, where the global maximum can be fou
y varying both parameters. The parametersa and m of this
aximum describe the sequence with optimum SNR for
iven T1 and T2* values. It should be noted that the optim
ip anglea is larger than the corresponding Ernst angle, w
ay be calculated by TR and T1. This is due to the extrem
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76 HILLENBRAND ET AL.
hort duration of the experiments, during which the spin
ot reach the steady state.

The theory will be discussed in case of interleavedk-space
rajectories (3) with odd-numbered sampled echoes, since
as the sampling scheme used in our experimental setu
Furthermore, we assume an object with constant spin de

hat covers a large portion of the field of view in the pha
ncoding direction. For this case the echo data set is wei
y a sinc function that has a sharp maximum at the cent
-space. Therefore, we neglect the contribution to the SN
he final tomogram of all thek-space lines but the cent
-space line (ky 5 0).
One thus can use a “mean attenuation factor” to charac

he Hybrid experiment. This is a good approximation to
riginal theory for two reasons: First, with the applied in

eavedk-space sampling scheme the excitation of the e
rain that contains the central echo (ky 5 0) is performed
xactly at half of the imaging time. Therefore, the T1* weig

ng of this echo represents in first-order approximation
ean T1* weighting of all sampled echoes. Second, sinc
dd number of echoes is sampled within each echo train
cho withky 5 0 is also positioned exactly in the center of t
cho train. Therefore, the T2* weighting of this echo co
ponds approximately to the mean T2* weighting of all ech
The expected theoretical signal intensities in an interle
ybrid sequence for given parameters T1, T2*, TR,m, anda
ere calculated in the following way: (i)Ap was calculate

rom Eq. [5] withp 5 n/ 2. (ii) Bq was calculated from Eq. [6
ith q 5 (m 1 1)/ 2. (iii) The normalized signal intensity w

hen given byAp z Bq z sin a.
The slice profile of the applied Gaussian-shaped RF pul

ur experiments was taken into consideration by dividing
lice into several subslices with corresponding flip anglesa i .
he signal intensity was then calculated as described befo

he differenta i and a sum over each value within the slice
erformed.

EXPERIMENTAL

All experiments were performed on a clinical 1.5 T MA
ETOM Vision MRI scanner (Siemens Medical Systems,

angen, Germany). Hybrid images of the brain and the a
en of eight healthy volunteers (four each) were acqu

teppingm and a independently. The flip anglea was in-
reased successively from 10° to 70° with a 5° increm
eepingm constant. These measurements were repeate

5 3, 5, 7, 9, 13, 15, 21, 27 and additionally, in the c
f brain imaging, form 5 31, 41, 85. These special values

have been used because they allow experiments
erformed with an odd number of echoes per shot and
early equal matrix size, which is necessary to provide c
arable SNR measurements.
The matrix size was (n z m) 3 256,wheren is computable
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ia integer division of 256 bym. Using a sampling bandwid
f 6100 kHz the echo time for the first echo of all Hybrid ec

rains was 3.16 ms and the interecho spacing was 2.48 m
epended on the value ofm and was given by TR5 7.8 ms1
m 2 1) z 2.48 ms,where the delay of 7.8 ms includes sl
election, sampling of the first echo, and spoiling of the m
etization with a variable gradient spoiler in slice directio

he end of TR. The resulting scan times were in the rang
35 ms (m 5 85) to 1035 ms (m 5 3).
All brain images were acquired with FOV5 250 mm3 250
m and a slice thickness of 5 mm using the standard head
bdominal imaging was performed with FOV5 350 mm3
50 mm and slice thickness5 8 mm using the body coil, whe
lways four averages were taken to provide sufficient SNR

at suppression was applied in any investigation.
To allow for a comparison with the theory, the input para

ters T1 and T2* were determined in additional experime
1 was quantified as described in Ref. (11) by calculating a T1
ap from the data acquired in a series of snapshot FL

mages after inversion of the longitudinal magnetization.
overage of the relaxation curve was improved six-fold
sing a segmented version of the original technique.
cquisition parameters were TE5 3.16 ms, TR5 4.66 ms, flip
ngle 5°, matrix size5 246 3 256, FOV5 250 mm3 250
m (350 mm3 350 mm), slice thickness5 5 mm (8 mm), 16

mages in series, providing a temporal resolution of 194.2
umber of averages 4, and total acquisition time5 7 min 14 s
T2* was measured with a multiecho FLASH sequence: A

ach excitation a series of 16 echoes was acquired, result
6 images with different TE and different T2* weighting. T
arameters were TE (first echo)5 3.8 ms, interecho time5 5
s, TR5 100 ms, flip angle5 30°, matrix size5 2553 256,

otal acquisition time5 26 s. FOV and slice thickness we
hosen according to the brain and abdominal studies.
For each subject and each pair of values (m, a) signal

ntensitiesS were obtained from regions of white and g
atter in the human brain and from regions of the liver and

idney in the abdominal images. T1 and T2* values of th
egions were taken from the corresponding maps and us
alculate the theoretical signal behavior. The optimum Hy
arameters (mtheo, a theo) for these input values (T1, T2*) can
btained from the coordinates of the maximum of the func
(m, a).

RESULTS

As an example Figs. 1a–1c show Hybrid images of
uman brain from a healthy volunteer acquired with diffe
cho train lengths (m 5 3, 27, 85) and flip angles (a 5 15°,
0°, 55°). These flip angles provide maximum SNR in w
atter for the chosenm values. To demonstrate the obtain

ignal changes, Figs. 1a–1c are scaled equally. Figur
hows the maximum signal intensity for white matter. Figu
res
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d and 1e display the corresponding T1 and T2* maps a
ame slice position, respectively.
Figure 2a shows the measured signal as a function o

xcitation anglea obtained with Hybrid sequences of differe
cho train length in the white matter region of a single sub
hese results demonstrate that there exists an optimum
ngle providing maximum SNR for each Hybrid seque
his flip angle is larger than the Ernst angle because in
ases saturation conditions are not reached during the ac
ion of a single image as a result of the low number

FIG. 2. (a) The plot shows the measured signals and standard devia
ifferent values ofm are depicted with different symbols. The solid lines
D in dependence on the echo train lengthm in human brain using optimized
ata.
e

he

t.
ip
.
st
isi-
f

xcitations. For smaller values ofm, the maximum SNR i
ound at lower flip angles. An increase of the echo train le
hifts the maximum to higher flip angles as expected, sinc
ncreases withm.

The highest signal intensity and the corresponding flip a
as determined for each value ofm. In Fig. 2b these sign

ntensities are plotted as a function ofm for white and gray
atter averaged over the four subjects. Figures 3a and 3b
quivalent plots to Figs. 2a and 2b for liver (Fig. 3a) and b

iver and kidney (Fig. 3b).

s (SD) from white matter region as a function of the flip anglea in a single subjec
the corresponding theoretical curves. (b) Mean signal intensity (4 sub

anglesa. The corresponding theoretical curves are plotted over the experim
tion
are
flip
e
FIG. 3. (a) Signal intensities and SD measured in liver as a function of the flip anglea in a single subject. Different values ofm are depicted. Th
orresponding theoretical curves are plotted as solid lines. (b) Mean signal intensity (4 subjects) and SD and corresponding theoretical curves of liver and kidney
issue in dependence on the echo train lengthm using optimized flipanglesa.
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79SIGNAL INTENSITIES IN HYBRID IMAGING
Figures 2b and 3b also demonstrate the existence
ptimum Hybrid experiment with maximum SNR for each t
f tissue. The corresponding parameters (mexp, aexp) are sum
arized in Table 1.
Table 1 also summarizes the measured T1 and T2* v

veraged over the four subjects for each selected tissue. In
xperiment the average deviation of T1 in the chosen re
as less than 10%. The measured values of T1 agree

hose reported in literature (12, 13). T2* is mainly affected by
he local field homogeneity and consequently depends o
him. Thus, the T2* values for a certain tissue show l
ariations inter individually in the range of 6 to 23% (Table
The theoretical signal intensities were calculated for the

issues, averaged, and added to Figs. 2b and 3b. The op
heoretical results (mtheo, atheo) are also summarized in Table
xamples for individual calculations are given in Figs. 2a and

DISCUSSION

Our results, as summarized in Table 1, demonstrate
greement of theory and experiment: in all investigated tis

he theoretically and experimentally obtained optimum pa
ters (mtheo, a theo) and (mexp, aexp) agree always within the
tandard deviations.
It is essential for both the experiments and the calcula

o determine the relaxation times T1 and T2* as precise
ossible, since the signal behavior in a Hybrid sequence is
ensitive to these parameters. This can be seen, e.g., fro
idney data, where the relaxation times show a large scatte
result, the theoretically obtained optimum parameters in

issue show the largest deviations.
T2* has the main influence on the signal behavior, which

e easily demonstrated with Table 1: In the gray matter, the
atter, and the kidney the optimum echo train lengthm is almos

he same because of the similar T2* values, although ther
onsiderable differences in T1 in the range of 600 to 1300 ms
ncrease of T1 causes only a slight decrease of the optimum
ngle as expected, whereas the strong dependence on
learly demonstrated for the liver with the shortest T2* relaxa
ime. In this case the number of echoes that deliver the opti
NR is, because of the short T2*,m 5 11, and thus it is th
mallest value observed in this study.
In Fig. 1 several brain images for flip angles optimized

TAB
Experimentally and Theoretically Obta

Tissue T1 (ms) T2* (ms)

ray matter 11446 9 736 6
hite matter 6056 13 666 4
idney 13196 104 646 15
iver 6166 5 296 5
fot
an

es
ach
n

ith

he
e
.
r

um

a.

he
es
-

s
s
ry
the
As
is

n
ite

re
he
ip

* is
n
m

r

he chosen echo train lengths are depicted. Clearly a diff
2* weighting of the images is observable, since the weigh
f the magnetization and thus the contrast changes wit
cho train length, which has to be taken into account w
sing an interleavedk-space coverage. Figure 1a shows o
pin density contrast form 5 3. The image sampled und
ptimum conditions for white matter (m 5 27) has maximum
NR in white matter and a moderate T2* contrast (Fig.
igure 1c (m 5 85) is strongly T2* weighted because of

ong TE of the central echo. This is very pronounced in
inus region and can be seen in comparison to the T2*
Fig. 1e). In Fig. 1c, the flip anglea 5 55° is optimized fo
aximum SNR in the case of the applied echo train le
5 85, but m and a are larger than the optimum pair

alues (m, a), which maximizes the SNR and is given bym 5
7 anda 5 40°. Besides a signal loss compared to Fig. 1b

mage resolution is degraded in consequence of the b
hosen parameters as described in the theory.
When performing Hybrid experiments, an evaluation of

heoretical signal intensity given by Eq. [7] should be acc
lished first and then the parameters (m, a) optimizing theo
etically the SNR should be used for imaging. As an exam
n the case of white matter imaging, the experimentally de

ined T1 and T2* values led to an optimum flip angle of
nd an optimum echo train length of 26 applying the the
Table 1). Experimentally it was confirmed that these va
ndeed yielded the maximum signal.

Generally, if the T1 and T2* values of a tissue are kno
rom experiments or literature, they can be used to calcula
ptimum parameters (m, a).
It should be noted that the Hybrid sequence that maxim

he SNR in a certain tissue is not necessarily identical to
equence that provides optimum contrast for the respe
pplication. The theoretical approach not only can be us
ptimize the SNR, but may also be applied to maximize
ontrast between different types of tissue. The way to pro
s demonstrated for white/gray matter contrast: Accordin
esult (d) from Theory, the optimum echo numbermCNR should
ot be longer than the optimummSNR calculated for any of th

wo tissues; otherwise, this would lead to losses in sp
esolution. If this condition is fulfilled, the sequence para

, a ) providing the maximum difference in th

1
Results (Mean 6 St Dev, 4 Subjects)

mexp mtheo aexp (°) a theo (°)

66 3 276 0 396 3 406 0
86 2 266 3 466 5 446 3

246 4 246 7 366 8 336 5
36 3 116 2 386 9 336 3
LE
ined

2
2

1

ers (mCNR CNR e
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80 HILLENBRAND ET AL.
vailable signal intensity for both compartments have to
etermined theoretically using Eq. [7]. In the case of w
atter/gray matter this will be achieved usingmCNR 5 7 and

CNR 5 18°.
In abdominal imaging we observed a more general pro
ith Hybrid imaging using highm values (m . 27) in tissue
ith low T2*: the appearance of uncorrectible artifacts du
otion, flow artifacts in large vessels, and susceptibility eff
ithin tissue interfaces. Therefore, imaging withm . 27 was
ot performed in this study.
However, flow artifacts and the effects of T2* may

vercome by applying a center–outk-space trajectory, whe
he theoretical calculations have only slightly to be modifi

One field of application for Hybrid sequences is fast r
ime imaging, e.g., functional, interventional, or perfusion
ging. These measurements are always performed
teady-state conditions. Although the original theory was
eloped for relaxed spin systems, it may be applied to ste
tate measurements after minor modifications: The satur
alue of the longitudinal magnetization has to be chosen a
tarting value for the recursive calculation algorithm.

CONCLUSION

In summary, we validated successfully a theory for
ptimization of the SNR obtainable in a Hybrid imagein vivo.
e suggest using a priori information about the tissue re

tion times before performing Hybrid experiments. This ca
ealized by performing quantitative T1 and T2* measureme
ut in most cases it will be sufficient to know the T1 or T
alues reported in literature. The theory can thus be us
redict the signal intensities in Hybrid imaging or incre
ignificantly the SNR by optimization of the Hybrid parame

anda. Optimized Hybrid sequences usually yield a hig
NR than standard FLASH or single-shot EPI techniques
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