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The objectives of this study were to optimize TZweighted hybrid-RARE pulse sequences for clinical MR 
imaging of the liver, and to compare them to the conventional spin-echo (CSE) sequence. Speciilcally, the 
ranges of the echo train length (ETL) and the effective echo time (TE&) were investigated to optimize image 
quality and liver-spleen contrast, in healthy volunteers. A total of thirteen volunteers were scanned at 1.5 
Tesla with an extensive array of hybrid-RARE scans. The images were analyzed quantitatively with respect 
to CNR (contrast-to-noise ratio of spleen vs. liver), SNR (signal to noise ratio of the spleen), SIR (signal 
intensity ratio of liver and spleen) and CDR (contrast difference ratio between the spleen and liver). The 
images were also analyzed qualitatively with respect to image sharpness, vascular artifacts, ghosting, chemi- 
cal shift, and truncations. Results of quantitative analysis indicated that CDR and SIR of hybrid-RARE at 
higher ETL (>13) were consistently better than both the reference CSE and the lower ETL sequences (p 
< 0.05) at all TEefl. SNR was slightly inferior for all hybrid-RARE sequences than for the CSE sequence. 
Image quality for hybrid-RARE sequences with ETL > 13 proved to be consistently better than that for 
the CSE (TE = 90 ms) with respect to imaging sharpness, vascular artifacts and ghosting artifacts @ < 
0.05). In conclusion, the optimized hybrid-RARE sequences with ETL greater than or equal to 13 are 
capable of producing sharp and relatively artifact free images with the advantage of a much greater 
acquisition time efficiency. 0 1997 Elsevier Science Inc. 
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INTRODUCTION 
Diagnosis of patients with focal hepatic lesions1-3 can 
be achieved by conventional spin-echo (CSE) tech- 
nique as well as various new hybrid imaging tech- 
niques. A hybrid imaging technique distinguishes from 
the conventional CSE by the fact that more than one k- 
space acquisition is performed after a single excitation. 
Hybrid imaging techniques, suitable for the study of 
focal hepatic lesions, include a number of variants on 
the hybrid-RARE (rapid acquisition with relaxation en- 
hancement) pulse sequence,4-6 the ultrafast Turbo 
Spin-Echo technique,’ and the Echo Planar imaging 
(EPI)8 technique. Among them, only the first two tech- 
niques can be implemented under the existing clinical 
setting because they require no special imaging hard- 
ware modifications. 

Although CSE is still regarded as the gold standard 
for liver imaging, its diagnostic powder is often limited 
by its comparatively long scan times, typically lasting 

10 min for a multi-slice acquisition covering the entire 
liver with a matrix size of 128 X 256 and 2 excitations. 
With the hybrid-RARE technique, however, scans of 
comparable contrast and anatomical coverage can be 
achieved in less than 4 min. These hybrid-RARE im- 
ages have the same spatial resolution with considerably 
less motion-induced ghosting artifacts. MR imaging of 
the upper abdomen with hybrid-RARE has been the 
subject of a number of studies,9-‘4 yet the optimum 
protocol has not been identified. 

To carry out our study, it is clearly impractical to 
evaluate a large number of possible hybrid-RARE pro- 
tocols with similar contrast or sharpness on real pa- 
tients. Therefore, an extensive array of hybrid-RARE 
sequences with a fixed k-space raster (linear profile 
order) were compared with the standard CSE tech- 
nique, all performed on healthy volunteers. The pri- 
mary objective of this work is to determine the ranges 
of the key hybrid-RARE parameters (Fig. l), namely, 
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Fig. 1. Key scan variables of the hybrid-RARE MR imaging 
pulse sequence. With the “linear profile order” raster, the 
condition TEeff = ET-Center, is always satisfied. 

1) the effective echo time (TE,&, 2) the echo train 
length (ETL), and 3) the echo spacing (E-Space), 
which produce maximum contrast between liver and 
spleen. The last parameter must also include qualitative 
grading scales in terms of the vulnerability to a wide 
range of artifacts including 1) blurring, 2) vascular 
artifacts, 3) ghosting artifacts, 4) chemical shift arti- 
fact, 5) truncation, and 6) overall image quality. 

The observed T2 difference between healthy spleen 
(T2 * 62 ms) and liver (T2 = 43 ms) has been observed 
to approximate that between liver parenchyma and many 
pathologic lesions. Therefore, the liver and spleen relative 
MR signal behavior has been proposed as an approximate 
model for contrast of focal hepatic lesions.3 Studies of 
the liver and spleen relative MR signal behavior is partic- 
ularly useful for in vivo optimization of contrast with T2- 
weighted sequences because it also provides information 
regarding the vulnerability of the pulse sequences to mo- 
tion. The specific influence of the key hybrid-RARE scan 
parameters will be discussed with the purpose that the 
results can be extrapolated to applications on other hard- 
ware platforms. 

MATERIALS AND METHODS 

Subjects 
A total of thirteen healthy volunteers (10 males and 

3 females) were examined with a research protocol 

which was approved by the Institutional Review Board 
of our institution. Ages of the volunteers ranged from 
25 to 56 years (mean, 44). No liver or spleen lesion 
was detected in any of them. Informed consent was 
obtained from all the participants. 

Imaging Protocol 
The images were acquired in the axial plane with 

full spatial coverage of the liver on a 1.5 Tesla, 10 
mTesla/m MR imager (Gyroscan ACS II, software re- 
lease 3, Philips Medical Systems, Shelton CT). Each 
participate was scanned first with a dual spin-echo CSE 
sequence: TR = 3000 ms, TE = 20/90 ms, number of 
excitations (NEX) = 4, half scan factor (HF) = 0.6, 
13 slices, 320 mm field of view, 128 X 256 matrix 
(75% rectangular), slice thickness = 10 mm, and no 
fat suppression. To reduce the artifact due to abdominal 
motion, the technique of PEAR (phase encoding arti- 
fact reduction) was implemented. Total image time for 
each CSE sequence was 12 min. This was followed by 
an array of hybrid-RARE scans with the same spatial 
coverage, section thickness, and number of excitations 
as the reference CSE images. The key hybrid-RARE 
scan parameters are summarized in Table 1. Each vol- 
unteer was imaged with a total of 18 pulses sequences 
varying only in the values of TEeff, ETL, and E-Space. 
The reason of using matrix size of 128 X 256 instead 
of 256 X 256 was mainly to reduce image time. With 
18 hybrid-RARE pulse sequences and one CSE se- 
quence, all at 128 X 256 , each participant had to be 
remained in the magnet for at least 75 min. Very little 
uncontrolled motion was detected by the authors dur- 
ing the lengthy imaging time. 

A second objective of this study was to further es- 
tablish the potential of the contrast-optimized hybrid- 
RARE sequences for the narrower range of scan pa- 
rameters determined from the 18 pulse sequences in 
clinical application. This was now done at twice the 
spatial resolution (matrix 256 X 256) while keeping 
field of view and section thickness unchanged. Five 
volunteers were imaged with six hybrid-RARE se- 
quences (Table 2). Only the higher value region of 

Table 1. Hybrid-RARE scan variables used in images of matrix sizes 128 x 256 

scan # ETL TEcff & E-Space (ms) Scan time (min : s) 

1, 2, 3 5 60 & 20 90 & 30 120 & 40 3:54 
4, 5, 6 7 60& 15 90 & 22.5 120 & 30 2~54 
7, 8, 9 9 70 6% 14 90& 18 120 & 24 2:16 
10, 11,12 11 75 & 12.5 90 & 15 120 & 20 3:36 
13, 14, 15 13 85 & 12.1 100 & 14.3 120 & 17.1 3:00 
16 15 120 & 15 2:36 
17 17 120 & 13.3 2124 
18 19 120 & 12.0 2:12 
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Table 2. Hybrid-RARE scan variables used in images of 
matrix sizes 256 x 256 

Scan time 
scan # ETL TEeti & E-Space (ms) (min : s) 

1 13 120 & 17.1 4~36 
2 15 120 & 15.0 4:oo 
3 17 120 & 13.3 3:24 
4 19 126 & 12.6 3:12 
5 17 120 & 13.3 (RT) 4:16 
6 17 120 & 13.3 (RT & FS) 6:21 

ETL (from 13 to 19) were investigated. The relative 
benefits of fat suppression and respiratory triggering 
were investigated at ETL = 17. Because of the long 
scan times required, CSE scans were not performed at 
this higher spatial resolution. 

Quantitative Analysis 
A uniform criterion for selecting the anatomical re- 

gions for signal intensity measurements was applied 
to all images. Average signal intensities (SI) were mea- 
sured in the liver and spleen by tracing the contour of 
the entire organs. Noise was measured anterior to the 
abdominal wall, as the standard deviation (SD) of spu- 
rious signal in a broad region of interest. Images were 
compared quantitatively with respect to contrast-to- 
noise ratio of spleen vs liver (CNR = [SI(spleen)- 
SI(liver)]/SD(noise)), signal-to-noise ratio of the 
spleen (SNR = SI(spleen)/SD(noise)), signal intensity 
ratio (SIR = SI(spleen)/SI(liver)), and contrast differ- 
ence ratio (CDR = [SI(spleen)-SI(liver)]/SI(liver)] of 
spleen vs liver. The parameters SIR and CDR were 
measured in addition to SNR and CNR because they 
are influenced much less by noise, and consequently 
are more robust indicators of contrast changes. 

All measured values are expressed as mean ? SD. 
To compare the image variables between CSE and each 
of the hybrid-RARE sequences, over the same group 
of subjects, statistical analysis was performed on a PC 
using Student’s paired t-test. 

Qualitative Analysis 
Image quality of the hybrid-RARE images was 

compared to the corresponding CSE (ET = 90 ms) 
images by two radiologist who graded all images inde- 
pendently, with images of hybrid-RARE sequences 
evaluated in a randomized, blinded fashion. A score 
from zero to three was assigned to each of the five 
criteria of the 18 pulse sequences: 1) image sharpness, 
2) vascular artifacts, 3) ghosting artifacts, 4) chemical 
shift artifacts, and 5) truncations. The scoring scale 
was defined as follows: 0 = considerably worse; 1 = 
slightly worse; 2 = comparable; 3 = considerably bet- 
ter. An overall imaging quality (QUA) score was given 
to each pulse sequence by summation of all of the 
individual scores. These scores were then normalized 
to an arbitrary value of 10 which was assigned to the 
reference CSE image. For high resolution hybrid- 
RARE images an absolute scoring scale for overall 
image quality was used according to: 1 = poor; 2 = 
fair; 3 = good; 4 = very good; and 5 = excellent. 

Statistical significance of the data from the qualitative 
analysis was tested with the paired-sample sign test. 

RESULTS 

Quantitative Analysis 
The findings of the measured image variables, SIR, 

CDR, CNR, and SNR, are summarized in Table 3 
which shows the general tendencies exhibited by the 
data for four groups of scans: CSE, hybrid-RARE 
(ETL = 5-11, all ‘I&), hybrid-RARE (ETL = 13- 
19, all TE,,) and hybrid-RARE (ETL = 13- 19, TE,, 
= 120 ms). Of the four variables measured, SIR, and 
CDR, which are less dependent on the measurement 
of noise, achieved statistical significance in differenti- 
ating these four groups of scans. On average, hybrid- 
RARE scans with ETL above and equal to 13 exhibited 
higher liver-spleen contrast (p < 0.05) than the corre- 
sponding CSE (TE = 90 ms). Representative images 
are displayed in Fig. 3. Furthermore, the data in this 
ETL range show statistically significant improvement 

Table 3. Statistical analysis for measured variables: CCR, SIR, CNR, and SNR. All values expressed as Mean t one SD. 
Student’s Paired-t Test was used for the analysis. Comparisons were taken between CSE and each hybrid-RARE scan, 

over the same group of subjects 

Measured 
variable 

CSE mean 
over 

volunteers 
(TE = 90 ms) 

Hybrid-RARE mean 
over volunteers, and 

over ETL: 5-11, 
All TEeff 

Hybrid-RARE mean 
over volunteers, and 
over ETL: 13-19, 

All TEeB 

CDR 48.8 ? 8.9 47.4 2 8.1 50.9 ? 8.1 
SIR 2.0 +- 0.3 2.0 ” 0.3 2.1 2 0.3 
CNR 16.6 k 8.7 18.5 ? 7.6 19.2 + 6.6 
SNR 33.8 ? 12.8 27.4 ? 12.6 25.7 + 9.3 

Hybrid-RARE mean 
over volunteers, and 
over ETL: 13-19, 

TEeff = 120 ms 

53.9 + 6.4 
2.3 -c 0.4 

19.6 ? 6.7 
26.2 c 6.7 
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in liver-spleen contrast relative to the ones acquired 
with fewer echoes (p < 0.05). 

Data plotted as function of individual ETL/TEeff 
pairs over all subjects are displayed in Fig. 2 for QUA, 
CDR, and SIR. The results further support the general 
tendencies inferred from Table 3. Liver-spleen contrast 
(CDR and SIR) fluctuates around the CSE contrast 
level. For every value of ETL, better contrast is 
achieved at longer TEeff values, as expected for T2- 
weighted images. At the longest TE,, value (120 ms) 
used in the experiments, the contrast improves system- 
atically as function of increasing ETL, or equivalently 
as function of decreasing echo spacing allowable by 
system hardware. This contrast is consistently superior 
to the one exhibited by the reference CSE scan (p < 
0.01). SNR was slightly inferior for all hybrid-RARE 
sequences than for the CSE reference sequence. Analy- 
sis of the data in terms of CNR and SNR proved to 
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Fig. 2. Results of the measured variables, averaged over all 
subjects, as function of ETWTEcff pairs. a) QUA, b) CDR, 
and c) SIR. 

(a) 

(b) 

Fig. 3. Representative images: CSE and hybrid-RARE, no 
special image options, such as respiratory triggering (RT) or 
fat suppression (FS). a) CSE (128 matrix, 75% rectangular, 
TE = 90 ms, NEX = 4, HF = 0.6), b) Hybrid-RARE (128 
matrix, 75% rectangular, TE,, = 120 ms, NEX = 4, HF = 
0.6, ETL = 17). 

be of limited value due to the large variance exhibited 
by the measurements (see Table 3). 

Qualitative Analysis 
Table 4 contains the qualitative assessment of hy- 

brid-RARE as compared to CSE over various key pa- 
rameter ranges. In imaging sharpness, the hybrid- 
RARE sequences, with ETL 13 and higher, showed 
less image blurring (73% for all TE,rr and 81% for 
TE,rf = 120 ms, p < 0.05). The hybrid-RARE also 
demonstrated less vascular artifact (87% for all TEew 
and 76% for TEDrr = 120 ms) and less ghosting artifacts 
(70% for all TE,rr and 76% for T&r, = 120 ms) than 
CSE sequence (p < 0.05). In chemical shift and trun- 
cation artifact, the hybrid-RARE and the CSE se- 
quences are compatible to each other. The overall im- 
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age quality was consistently superior than the CSE 
sequence for all hybrid-RARE scans (p < 0.05). 

The results of the implementation of hybrid-RARE 
sequences at a higher spatial resolution, and with ETLI 
mr pairs in the optimum range (ETIJl& = 13- 19/ 
120) determined from the 18 sequences, am shown in 
Fig. 4. The values of SIR and QUA were plotted after 
being multiplied by a factor of 10 for the purpose of 
comparison. Because of the small number of volunteers, 
the variation in values of either CDR and SIR did not 
reach the level of statistical significance. The overall im- 
age quality, however, resulted in approximately a twofold 
improvement in overall image quality with fat suppres- 
sion and respiratory triggering. Representative images at 
higher resolution are displayed in Fig. 5. The images 
demonstrate the image quality possible with higher reso- 
lution at higher ETL, or echo-packed hybrid-RARE se- 
quences. They also illustrate the benefits of respiratory 
triggering and fat suppression. 

DISCUSSION 

Because of the time constrains introduced by the 
large number of sequences studied, the bulk of this 
study was performed at a lower spatial resolution than 
is normally used in actual imaging protocols. The CSE 
parameters were chosen to parallel as close as possible 
the hybrid-RARE protocols. Common parameters in- 
cluded voxel dimensions (2.5 X 2.5 X 10 mm3), matrix 
size, spatial coverage, number of excitations, TR, and 
did not include imaging options such as respiratory 
triggering or fat suppression. Although the measured 
mean SNR of CSE exceeds that for high-ETL hybrid- 
RARE scans (see Table 3), a fair comparison should 
taken into account the large reduction in total scan 
time achievable with hybrid-RARE sequences, from 
12 min to less than 2.5 min (Table 1). Should the 
scan time of hybrid-RARE be increased to 12 mm by 
incrementing the number of excitations, the theoretical 
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Fig. 4. Results of QUA, CDR and SIR as function of ETL 
at higher image resolution. SIR values were plotted after 
multiplying by a factor of 10 for the purpose of comparison. 
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(a) 

(b) 

Fig. 5. High resolution images a) Hybrid-RARE (256 ma- 
trix, 75% rectangular, ETL = 17, RT), b) Hybrid-RARE 
(256 matrix, 75% rectangular, ETL = 17, RT, FS). 

SNR would be on the order of 50, leading to a factor 
of = 1.5 advantage in intrinsic SNR for hybrid-RARE 
(ETL = 17, E-Space = 13 ms) over CSE. This relative 
advantage in intrinsic SNR is likely to increase with 
improvements in MR imaging technology, specifically 
by reducing the minimum E-Space with the implemen- 
tation of stronger gradient systems. 

Standardization and optimization of multi-line, seg- 
mented k-space acquisitions such as hybrid-RARE is 
difficult because, in these schemes, contrast and geom- 
etry (image sharpness) are interrelated and influenced 
by a common set of scan parameters. The parameters 
such as ETL, TEeff, E-Space, the echo train duration, 
the echo train unit module, the time from the excitation 
to the center echo train (ET-Center), and the inter rela- 
tionship between them are shown in Fig. 1. An addi- 
tional difficulty stems from the specific relations be- 
tween the scan parameters which can be manufacturer- 
specific, depending on the trajectory in k-space (raster) 

followed during the acquisition of the raw data. For 
example, as illustrated in Fig. 6, with the scrollable 
profile raster first discussed by Melki,5 it is possible 
to increase TEeff keeping both ETL and E-Space fixed. 
This is not the case with non-scrollable rasters, such 
as the linear profile order used in this study, in which 
an increment in TEeff at fixed ETL necessarily results 
in a longer E-Space. Caution should be exercised when 
translating hybrid-RARE protocols across platform, 
particularly with respect to the meaning of TEeff which 
coincides with the midpoint of the echo train in the 
linear profile order, but can be scrolled within the echo 
train in Melki’s raster. Undoubtedly, a better under- 
standing of the effects of k-space raster in image sharp- 
ness, image contrast, and conspicuity of small short- 
T2 lesions, would be useful in the fine tuning and 
standardizing hybrid-RARE pulse sequences, as well 
as in the optimization of other multi-line segmented 
k-space acquisitions, such as EPI, ultrafast Turbo Spin- 
Echo, and GRACE (Gradient-And-Spin-Echo).15 

CONCLUSION 

The effects of varying two of the key hybrid-RARE 
scan variables (ETL and TEcff) for a specific k-space 
raster (linear order profile) on image quality and con- 
trast have been investigated in this work. A consistent 
trend of image quality improvement for hybrid-RARE 
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Fig. 6. K-space rasters a) Scrollable-Melki raster, b) Non- 
scrollable “linear profile order” raster. 
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scans with closely packed echo trains (ETLT > T13, 
TEcff) was found. Undoubtedly, the diagnostic power 
of multi-line, segmented k-space MR imaging pulse 
sequences can be benefited significantly from techno- 
logical advances leading to even shorter echo spacings. 
Since E-Space is ultimately limited by the duration of 
the echo train unit module, the use of stronger imaging 
gradients and faster receivers, could result in signifi- 
cant diagnostic advantages of hybrid-RARE se- 
quences, relative to CSE. 

In summary, the optimized hybrid-RARE sequences 
defined in this study are capable of producing sharp 
and relatively artifact free images of the upper abdo- 
men. Their efficacy to delineate small short-T2 hepatic 
lesions needs further evaluation in systematic clinical 
trials. Also, experimentation with properly designed 
phantoms simulating such structures, would be useful 
in determining the effects of ETL, TE,,, E-Space, and 
k-space raster, on lesion conspicuity in the absence of 
motion. 
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