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Theoretical considerations on the signal-to-noise ratio (SNR) in
FLASH-EPI-Hybrid imaging were published previously. The pur-
pose of this work was to investigate in vivo the signal intensities in
Hybrid images as a function of sequence specific parameters. In
detail, the SNR as a function of the number of echoes m per RF
excitation, the excitation flip angle «, and the dependence on the
tissue relaxation times T1 and T2* were studied. In eight healthy
subjects brain and abdominal Hybrid images were acquired where
m and « were changed independently. Signal intensities in human
brain, liver, and kidney were evaluated for each Hybrid experi-
ment. Additionally, T1 and T2* values of these tissue types were
quantified to allow for a comparison with the theory. An excellent
agreement between calculated and measured signal behavior was
found. The theory was therefore validated in vivo and can thus be
used to optimize the signal-to-noise in Hybrid experiments. © 1999
Academic Press
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INTRODUCTION

FLASH and EPI are two common fast gradient echo recall
MR imaging methods]( 2). Hybrid sequences of both tech-

quality, the absence of motion artifacts, or the obtainabl
resolution within a single breath-hold. In almost all these
studies only a few segmentation steps were tested (generall
two-, four-, or eight-shot EPI sequence) and the results we
compared qualitatively with established techniqués8( 9.
Hence, today the number of echoes per shot is mostly chos
empirically: About 3 to 5 echoes are used for cardiac invest
gations, and a higher echo train length for brain imaging.
The purpose of this study was to compare the performance
Hybrid sequencem vivo in a quantitative fashion. Thus, signal
intensities in Hybrid images were investigated systematically
since the obtainable SNR depends on tissue as well as on imag
parameters. For example, if the transverse relaxation time T2* |
a tissue is short, there is a fast decay of the transverse magn
zation during the acquisition of the multiple echoes within ¢
Hybrid echo train. This leads to a considerable signal loss of tf
final echoes and thus to a loss of SNR in the image. Therefor
Hybrid experiments with small echo train lengtihare recom-
mended. If the longitudinal relaxation time T1 of the investigate
éiasue is long, there is a slower longitudinal relaxation during th
repetition time TR. Thus, smaller excitation flip angtekave to

niques, referred to as multishot, segmented, or interleaved E‘?ﬁ us_ed, which results in a low SNR. _
have been studied recentl§,@. These sequences are based This Qemonstrates that thg SNR and the respective contrast
on the acquisition of multiple lines ik-space after each RF@ Hybrid image for a certain type of tissue depend on tw
excitation pulse K-space segmentation). Thus, in comparisoreduence parameters: the number of echoasd the flip angle
to FLASH imaging, Hybrid sequences allow for considerabl§- Nonoptimized parameters result in a significant signal los:
reduced acquisition times due to a reduced number of excifdlich may overcompensate the advantages of the Hybrid tec
tion pulses and gradient switching steps. In addition, higheigue over FLASH or EPI. This signal loss can be avoided b
excitation angles may be applied because of longer repetiti@plying a theoretical approach reported in Réf0),( which
times (TR). This results in an increased signal-to-noise ratigscribes the signal strength of a Hybrid sequence in depende:
(SNR). In comparison to single-shot EPI, Hybrid imagingn m and «. These calculations utilize as input parameters th
provides a better spatial resolution and signal gain becaustxation times T1 and T2* of the target tissue and imagin
shorter echo trains are less prone to T2* losses. parameters of the applied Hybrid sequences. With the knowled
Typical Hybrid applications, such as cardiac and abdominaf these input parameters, Hybrid experiments can be simulat
studies or functional MR imaging, demonstrate the potentifilst and then performed under optimized conditions, maximizin
advantages of the Hybrid sequences over the conventiogd SNR within the minimum possible imaging time.
techniques 7). However, the published studies using the Therefore, the aim of this work was to verify the theamy
Hybrid approach were focused exclusively on qualitative Crjyo for several organs on a standard clinical scanner ar
teria, e.g., the lesion/adjacent tissue contrast, the overall image suggest optimum parameters for Hybrid experiment

1 To whom correspondence should be addressed at Physikalisches Insfd@(formed for each anatomical region investigated in thi
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THEORY M(t) = M% + (Mg — M%)e VT, [1]

In Hybrid imaging a series ofn echoes with a different where the saturation magnetizatibfty, is given by
degree of phase encoding is acquired after a slice selective RF
pulse a, thus coveringm distinct lines ink-space. Ifn echo 1—e ™RT 1—e ™RT
trains are measured, the total number of phase encoding steps M’ = M, 1 — cosae TRTLT Mo 1— g TRITI: (2]
N is given byN = n - m. Form = 1, the Hybrid sequence
corresponds to a FLASH experiment; for = N, to an EPI

For @ < 90° an effective longitudinal relaxation time T1%

sequence. _ _ _ which is shorter than T1, is given by
In general, there exists an optimum pair of parameteasid
« that provides the maximum SNR for a given tissue. These 1 1 1
optimum values can be determined by using the knowledge of T T1 TR In cosa. [3]

the longitudinal relaxation time T1 and the effective transverse
relaxation time T2* and by applying a theory reported in Ref,
(10). This theoretical approach was originally developed for ¥ith @ choice of repetition time TR« T1 and TR< T1*, the
point source where in the ideal case of no relaxation eagfturation magnetizatiom’ can be approximated as
sampledk-line has the same contribution to the signal. In the .

following we summarize the most important results of this M = MT1*/T1. (4]

theory for completeness:
The attenuation factoA, describes the longitudinal magneti-

(a) For a given set of tissue relaxation times T1 and T2/ation directly before theth excitation at the timé = (p —
there exists an optimized Hybrid sequence characterized by )4TR) divided byM, for normalization to 1. As a result the
set of valuesif, «) that maximizes the SNR to a value whichfactor A, may be written with Eq. [1] as
is usually higher than the SNR of a FLASH or an EPI se-
guence. 1 .

(b) The influence of T2* is much more pronounced than the Ap = 3 MG+ (Mo — Mp)e 1P 2T, [5]
influence of T1. °

(c) The optimum value ofn increases with T2*,

(d) If the optimum values ofn and« are chosen, there is no
deterioration of the image resolution due to the decay of
transverse magnetization during the acquisition of the echo
train.

(e) The effect of diffusion may be neglected under standa‘f‘ﬂth TE(q) denoted as the echo time of tk¢h echo of the

imaging conditions, but may be considerable for NMR mlcr0§C o train. o
copg 9 y A double sum over the contributiongé\( - B,) of all echoes,

multiplied by sirnx to take into account that the transverse

In the original theory two attenuation factows, andB,, component of the magnetization is used for imaging, an
were calculated for each sampled echo, whergbyp = divided by N for normalization, yields the resulting signal
1, ...,n) denotes the respective RF excitation number @ndntensity, and thus the achievable SNR in a Hybrid image:
(g =1, ...,m) the position of the echo within the echo train.

The signal intensity normalized to 1 is weakenedydue to 1" m

T1 relaxation during the course of the acquisitid)(and by Sm, a) = > A, > Bgsina. [7]1
B, due to T2* relaxation during the sampling period of an echo

train.

For the calculation of the signal attenuation factégsthe For known T1 and T2* relaxation times and for a fixed matrix
following basic principles have to be assumed: If each Rfize N = n - m, Eq. [7] describes the theoretical signal
pulse turns the magnetization by a flip angl@nd spoiling is intensity S(m, «) in a parameter space formed byand m.
performed at the end of each repetition time, the longitudin@his means the signal intensity can be maximized in depe
magnetizatiorM(t), which is due directly before the RF ex-dence orw and/orm, where the global maximum can be found
citation performed at tim¢ = i TR (i = 0,...,n — 1), by varying both parameters. The parameterand m of this
approaches a saturation vallMg;, which is smaller than the maximum describe the sequence with optimum SNR for th
equilibrium valueM,. If the spin system is relaxed completelygiven T1 and T2* values. It should be noted that the optimur
at the beginning of the measurement, the time dependencdlipfangle« is larger than the corresponding Ernst angle, whicl
the longitudinal magnetizatio(t) can be written asi(l) may be calculated by TR and T1. This is due to the extreme

The B, factors are calculated using the equation

Bq = e*(TE(q))/TZ*' [6]
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short duration of the experiments, during which the spins dia integer division of 256 byn. Using a sampling bandwidth
not reach the steady state. of £100 kHz the echo time for the first echo of all Hybrid echo

. . . . trains was 3.16 ms and the interecho spacing was 2.48 ms. -
The theory will be discussed in case of interleakespbace depended on the value of and was given by TR: 7.8 ms+

trajectories 8) with odd-numbered sampled echoes, since th{?n ~ 1) - 2.48 mswhere the delay of 7.8 ms includes slice

N thermore, we assume an objectwih consiant spn dengECHn: SaMPING of he it echo, and spolng of the ma
’ . . S netization with a variable gradient spoiler in slice direction a

that covers a large portion of the field of view in the phas he end of TR. The resulting scan times were in the range s

encoding direction. For this case the echo data set is weigh ms m = 55) t0 1035 ms i = 3)

by a sinc function that has a sharp maximum at the center 0 .

k-space. Therefore, we neglect the contribution to the SNR inAII brain Images were acquired W'th FOV 250 mm>x 250
. . mm and a slice thickness of 5 mm using the standard head cc
the final tomogram of all thé&-space lines but the central

k-space line K, = 0) Abdominal imaging was performed with FO¥ 350 mm X
P Y ) 350 mm and slice thickness 8 mm using the body coil, where

One thus can use a "mean attenuation factor” to characterg \Elzvays four averages were taken to provide sufficient SNR. N

the Hybrid experiment. This is a good approximation to th%t suppression was applied in any investigation.

original theory for two reasons: First, with the applied inter- llow f : ith the th he |
leavedk-space sampling scheme the excitation of the ech To allow for a comparison W'F ¢ E’Tt eoryzt e input param
train that contains the central ech, (= 0) is performed &fers T1 and T2* were determined in additional experiment:
: o Y X .~ T1 was quantified as described in Refl) by calculating a T1
exactly at half of the imaging time. Therefore, the T1* Welghtr-na from the data acauired in a series of snaoshot FLAS
ing of this echo represents in first-order approximation the P : acq - pshot
mean T1* weighting of all sampled echoes. Second, since images after inversion of the longitudinal magnetization. Thi

) . in_pQverage of the relaxation curve was improved six-fold b
odd number of echoes is sampled within each echo train, the : L .
using a segmented version of the original technique. Th

echo W'thky 0ls also posmo?ed gxa(?tly n thg center of thlsacquisition parameters were F=3.16 ms, TR= 4.66 ms, flip

echo train. Therefore, the T2* weighting of this echo corre- o o -

. PR angle 5°, matrix size= 246 X 256, FOV = 250 mm X 250

sponds approximately to the mean T2* weighting of all echoes. : .
. : . S . mm (350 mmx 350 mm), slice thickness 5 mm (8 mm), 16

The expected theoretical signal intensities in an mterleavlema es in series. providing a temporal resolution of 194.2 m:

Hybrid sequence for given parameters T1, T2*, TiR,and« 9 P g P S

. . T number of averages 4, and total acquisition t& min 14 s.
were calculated in the following way: (), was calculated T2* was measured with a multiecho ELASH sequence: Afte
from Eq. [5] withp = n/2. (ii) B, was calculated from Eq. [6] 9 '

with g = (m + 1)/2. (i) The normalized signal intensit Waseach excitation a series of 16 echoes was acquired, resulting
thenq iven byA. - B. . Sin o g y 16 images with different TE and different T2* weighting. The
9 Y * Ba ) parameters were TE (first eche) 3.8 ms, interecho time= 5

The slice profile of the applied Gaussian-shaped RF pulsen|1ns, TR= 100 ms, flip angle= 30°, matrix size= 255 X 256,

our experiments was taken into consideration by dividing tqgtal acquisition time= 26 s. FOV and slice thickness were

slice |'nto sleveral' subslices with corresponding fhp angles <fhosen according to the brain and abdominal studies,
The signal intensity was then calculated as described before fo ) . .
or each subject and each pair of values, () signal

the differenta; and a sum over each value within the slice was - . . )
performed. intensitiesS were obtained from regions of white and gray

matter in the human brain and from regions of the liver and th
kidney in the abdominal images. T1 and T2* values of thes
EXPERIMENTAL regions were taken from the corresponding maps and used
calculate the theoretical signal behavior. The optimum Hybri
All experiments were performed on a clinical 1.5 T MAGparametersri.., @) fOr these input values (T1, T2*) can be
NETOM Vision MRI scanner (Siemens Medical Systems, Epbtained from the coordinates of the maximum of the functio
langen, Germany). Hybrid images of the brain and the abdsdmn, «).
men of eight healthy volunteers (four each) were acquired
steppingm and « independently. The flip angle was in-
creased successively from 10° to 70° with a 5° increment RESULTS
keepingm constant. These measurements were repeated for
m=3,5,7,9, 13, 15, 21, 27 and additionally, in the case As an example Figs. 1la—1c show Hybrid images of th
of brain imaging, foom = 31, 41, 85. These special values ohuman brain from a healthy volunteer acquired with differen
m have been used because they allow experiments to daho train lengthsnd = 3, 27, 85) and flip anglesx(= 15°,
performed with an odd number of echoes per shot and wid®°, 55°). These flip angles provide maximum SNR in white
nearly equal matrix size, which is necessary to provide comnatter for the chosem values. To demonstrate the obtainec
parable SNR measurements. signal changes, Figs. la—1c are scaled equally. Figure
The matrix size wasn(- m) X 256, wheren is computable shows the maximum signal intensity for white matter. Figure
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FIG. 2. (a) The plot shows the measured signals and standard deviations (SD) from white matter region as a function of thedlip argjlegle subject.
Different values ofm are depicted with different symbols. The solid lines are the corresponding theoretical curves. (b) Mean signal intensity (4 subject
SD in dependence on the echo train lengtin human brain using optimized flip anglaesThe corresponding theoretical curves are plotted over the experiment
data.

1d and 1le display the corresponding T1 and T2* maps at teecitations. For smaller values of, the maximum SNR is
same slice position, respectively. found at lower flip angles. An increase of the echo train lengt
Figure 2a shows the measured signal as a function of thleifts the maximum to higher flip angles as expected, since T
excitation anglex obtained with Hybrid sequences of differenincreases withm.
echo train length in the white matter region of a single subject. The highest signal intensity and the corresponding flip angl
These results demonstrate that there exists an optimum fiips determined for each value woif. In Fig. 2b these signal
angle providing maximum SNR for each Hybrid sequencetensities are plotted as a function wf for white and gray
This flip angle is larger than the Ernst angle because in masatter averaged over the four subjects. Figures 3a and 3b sh
cases saturation conditions are not reached during the acquesjdivalent plots to Figs. 2a and 2b for liver (Fig. 3a) and botl
tion of a single image as a result of the low number diver and kidney (Fig. 3b).
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FIG. 3. (a) Signal intensities and SD measured in liver as a function of the flip anghea single subject. Different values ofi are depicted. The
corresponding theoretical curves are plotted as solid lines. (b) Mean signal intensity (4 subjects) and SD and corresponding theoreticateuaveskadhey
tissue in dependence on the echo train lengthsing optimized flipangles.
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TABLE 1
Experimentally and Theoretically Obtained Results (Mean = St Dev, 4 Subjects)

Tissue T1 (ms) T2* (ms) Meyp Mineo Qexp () Qpheo (°)
Gray matter 1144 9 73+ 6 26+ 3 270 39+ 3 40+ 0
White matter 605- 13 66+ 4 28+ 2 26+ 3 46+ 5 44+ 3
Kidney 1319+ 104 64+ 15 24+ 4 24+7 36+ 8 33+5
Liver 616+ 5 29+ 5 13+ 3 11+ 2 38x9 33x3

Figures 2b and 3b also demonstrate the existence of the chosen echo train lengths are depicted. Clearly a differe
optimum Hybrid experiment with maximum SNR for each typ&2* weighting of the images is observable, since the weightin
of tissue. The corresponding parametars,f, a.,) are sum- of the magnetization and thus the contrast changes with tl
marized in Table 1. echo train length, which has to be taken into account whe

Table 1 also summarizes the measured T1 and T2* valugsing an interleave#-space coverage. Figure 1a shows only
averaged over the four subjects for each selected tissue. In eggi density contrast fom = 3. The image sampled under
experiment the average deviation of T1 in the chosen regigptimum conditions for white matter{ = 27) has maximum
was less than 10%. The measured values of T1 agree WHRR in white matter and a moderate T2* contrast (Fig. 1b;
those reported in literaturd 2, 13. T2* is mainly affected by Figure 1c (n = 85) is strongly T2* weighted because of the
the local field homogeneity and consequently depends on {Bfig TE of the central echo. This is very pronounced in the
shim. Thus, the T2* values for a certain tissue show larggnys region and can be seen in comparison to the T2* m:
variations inter individually in the range of 6 to 23% (Table 1)rig. 1e). In Fig. 1c, the flip angle = 55° is optimized for

The theoretical signal intensities were calculated for the fop{aximum SNR in the case of the applied echo train lengt
tissues, averaged, and added to Figs. 2b and 3b. The optimym- g5 putm and « are larger than the optimum pair of
theoretical resultsnline, aned are also summarized in Table 1ya1yes fn, «), which maximizes the SNR and is given fy=
Examples for individual calculations are given in Figs. 2a and 387 gnda = 40°. Besides a signal loss compared to Fig. 1b, th

image resolution is degraded in consequence of the bac
chosen parameters as described in the theory.

Our results, as summarized in Table 1, demonstrate theWhen performing Hybrid experiments, an evaluation of the

agreement of theory and experiment: in all investigated tissJ%'goretlcal signal intensity given by Eq. [7] should be accom

the theoretically and experimentally obtained optimum pararﬂ-'Shed first and then the parameters, () optimizing theo-

eters Mpeo @ined aNd (Mo o) agree always within their retically the SNR should be used for imaging. As an exampl

standard deviations in the case of white matter imaging, the experimentally detel
It is essential for both the experiments and the calculatiofdned T1 and T2*

values led to an optimum flip angle of 44
to determine the relaxation times T1 and T2* as precisely ggd

DISCUSSION

an optimum echo train length of 26 applying the theor

possible, since the signal behavior in a Hybrid sequence is véhpPle 1). Experimentally it was confirmed that these value
sensitive to these parameters. This can be seen, e.g., fromipgieed ylelde_d the maximum signal. .

kidney data, where the relaxation times show a large scatter. A&énerally, if the T1 and T2* values of a tissue are knowr
a result, the theoretically obtained optimum parameters in tiif@m experiments or literature, they can be used to calculate
tissue show the largest deviations. optimum parametersng, ).

T2* has the main influence on the signal behavior, which cant should be noted that the Hybrid sequence that maximize
be easily demonstrated with Table 1: In the gray matter, the whit¢ SNR in a certain tissue is not necessarily identical to tr
matter, and the kidney the optimum echo train lengtis almost Ssequence that provides optimum contrast for the respecti
the same because of the similar T2* values, although there agplication. The theoretical approach not only can be used
considerable differences in T1 in the range of 600 to 1300 ms. Thetimize the SNR, but may also be applied to maximize th
increase of T1 causes only a slight decrease of the optimum flipntrast between different types of tissue. The way to proces
angle as expected, whereas the strong dependence on T2 idemonstrated for white/gray matter contrast: According t
clearly demonstrated for the liver with the shortest T2* relaxatigiesult (d) from Theory, the optimum echo numioas,s should
time. In this case the number of echoes that deliver the optimurat be longer than the optimums, calculated for any of the
SNR is, because of the short T2h) = 11, and thus it is the two tissues; otherwise, this would lead to losses in spati
smallest value observed in this study. resolution. If this condition is fulfilled, the sequence parame

In Fig. 1 several brain images for flip angles optimized falers (Mcwr, @cng) Providing the maximum difference in the



80

available signal intensity for both compartments have to be
determined theoretically using Eq. [7]. In the case of white
matter/gray matter this will be achieved using,z = 7 and %
acng = 18°.

In abdominal imaging we observed a more general proble
with Hybrid imaging using highm values (h > 27) in tissues
with low T2*: the appearance of uncorrectible artifacts due t
motion, flow artifacts in large vessels, and susceptibility effects’
within tissue interfaces. Therefore, imaging with> 27 was
not performed in this study.

However, flow artifacts and the effects of T2* may be
overcome by applying a center—dki#space trajectory, where g
the theoretical calculations have only slightly to be modified.

One field of application for Hybrid sequences is fast real-
time imaging, e.g., functional, interventional, or perfusion im-

4.
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