
D iffusion-weighted imaging (DWI) magnetic res-
onance imaging (MRI) is useful for the early 

diagnosis of cerebrovascular disorders such as cerebral 
infarction and tumors.  In imaging used for tumor diag-
noses,  the apparent diffusion coefficient (ADC) is rou-
tinely obtained to determine whether the lesion is 
benign or malignant and to predict the patient’s thera-
peutic response [1],  but the mechanism(s) underlying 
the decrease of an ADC value in tumors are not known.  

For the elucidation of these mechanisms,  it is necessary 
to observe the diffusion phenomena at the basic experi-
mental level,  using bio-phantoms and clinical MRI 
equipment.

In a previous study,  we succeeded in imaging cells 
using a bio-phantom and 1.5 tesla (T) clinical MRI [2].  
The use of 3T MRI devices in daily clinical practice has 
become more common.  The signal-to-noise ratio (SNR) 
of 3T MRI is twice that of 1.5T MRI,  and 3T images 
have higher resolution.  The 3T imaging time is also 
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Readout-segmented echo-planar imaging (RESOLVE) is a multi-shot echo-planar imaging (EPI) modality with 
k-space segmented in the readout direction.  We investigated whether RESOLVE decreases the distortion and 
artifact in the phase direction and increases the signal-to-noise ratio (SNR) in phantoms image taken with 
3-tesla (3T) MRI versus conventional EPI.  We used a physiological saline phantom and subtraction mapping and 
observed that RESOLVE’s SNR was higher than EPI’s.  Using RESOLVE,  the combination of a special-purpose 
coil and a large-loop coil had a higher SNR compared to using only a head/neck coil.  RESOLVE’s image distor-
tion was less than EPI’s.  We used a 120 mM polyethylene glycol phantom to examine the phase direction arti-
fact.  The range where the artifact appeared in the apparent diffusion coefficient (ADC) image was shorter with 
RESOLVE compared to EPI.  We used RESOLVE to take images of a Jurkat cell bio-phantom: the cell-region 
ADC was 856 × 10−6 mm2/sec and the surrounding physiological saline-region ADC was 2,951 × 10−6 mm2/sec.  
The combination of RESOLVE and the 3T clinical MRI device reduced image distortion and improved SNR and 
the identification of accurate ADC values due to the phase direction artifact reduction.  This combination is 
useful for obtaining accurate ADC values of bio-phantoms.
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shorter.  The doubling of the chemical shift in 3T imag-
ing is advantageous for MR spectroscopy,  and the effect 
of fat suppression also increases.  As the susceptibility 
effect doubles,  the uniformity of the magnetic field 
increases.  Based on these characteristics,  in our previ-
ous unpublished study using a bio-phantom and a clin-
ical 3T MRI system with echo-planar imaging (EPI),  it 
was difficult to accurately measure the ADC value due 
to phase direction artifacts,  including N/2 (N-Half) 
artifacts.  The N/2 artifact is unique to the EPI method,  
in which phase errors may result from the multiple pos-
itive and negative passes through k-space [3].  This dis-
advantage of EPI is caused by various uncertain factors 
such as an eddy current due to magnetic field inhomo-
geneity,  instrument instability,  an incomplete gradient 
magnetic field,  and other factors [3].

Readout-segmented echo-planar imaging (EPI),  
known as RESOLVE (REadout Segmentation Of Long 
Variable Echo-trains) [4 , 5],  was introduced in clinical 
studies as one of the DWI methods so that distortion in 
the phase direction can be reduced.  Here we thus 
examined whether RESOLVE is effective for reducing 
the artifact in the phase direction including N/2 artifact.  
We investigated the usefulness of RESOLVE compared 
to EPI in bio-phantom imaging using a clinical 3T MRI 
device.  We evaluated the distortion,  SNR,  phase-di-
rection artifact,  and bio-phantom images.

Materials and Methods

Liquid phantoms and bio-phantom. For a liquid 
phantom,  we put physiological saline (0.9% NaCl) in a 
micro-cuvette (Halb-Mikro 1.5 ml,  Greiner,  Düsseldorf,  
Germany) and placed the micro-cuvette in a plastic 
container (external dia.  9.5 cm,  width 14 cm,  height 
7 cm).  As another liquid phantom,  we put 120 mM 
polyethylene glycol (PEG) [6] in a micro-cuvette (Halb-
Mikro 1.5 ml,  Greiner).  As the bio-phantom [7],  we 
used Jurkat cells purchased from RIKEN Cell Bank 
(Ibaraki,  Japan).  For culturing,  10% fetal bovine serum 
(Filtron,  Victoria,  Australia) and 1% penicillin-strep-
tomycin-neomycin (Gibco,  Grand Island,  NY,  USA) 
were added to RPMI 1640 medium (pH 7.4; Gibco).  
The incubation was carried out at 37°C with 5% CO2.  
When a spinner flask (#3153,  Corning,  New York,  NY,  
USA) was used for a culture,  a rotary incubator was use 
at 15 rpm (ULS-4,  As One,  Tokyo,  Japan).  We counted 
the number of cells with a dia.  > 8 μm with an electric 

cell counter (Coulter Electronics,  Luton,  UK) before 
the bio-phantom preparation,  because the dia.  of most 
of the Jurkat cells was > 8 μm,  with the average dia.  
being 9.6 μm.

The Jurkat cells were encapsulated into bio-phan-
toms as described [7].  Briefly,  after measuring the cell 
number,  we concentrated the cell solution to approx.  
2 ml,  placed it in a micro-cuvette (Halb-Mikro 1.5 ml,  
Greiner),  centrifuged the solution at 1200 rpm for 
5 min,  removed the supernatant and adjusted the cell 
density to 6.78 × 108 cells/ml.  After treatment,  the cells 
were enclosed in gellan gum (P-8169; Sigma Chemicals,  
St. Louis,  MO,  USA).

MRI system. A 3T MRI system (Magnetom Skyra,  
Siemens Healthcare,  Erlangen,  Germany) was used.  Its 
coils are a four-channel ‘special-purpose coil, ’ an 11-cm 
‘large-loop coil, ’ and a 20-channel ‘head/neck coil. ’

Measurement of the SNR. We investigated the 
SNR with the use of different sequences and coils.  
Physiological saline was used as the phantom.  For the 
SNR examination using different sequences,  the spe-
cial-purpose coil was placed below the phantom and the 
large-loop coil was placed on top of the phantom.  Both 
the RESOLVE and EPI images were taken at room tem-
perature.  In the measurement of SNR using the three 
different coils,  RESOLVE images were taken at room 
temperature with the head/neck coil and with the com-
bination of the special-purpose coil and the large-loop 
coil.

We used the subtraction mapping method [8] for the 
SNR analysis,  as this method can evaluate the SNR in a 
sequence using parallel imaging (including RESOLVE).  
More specifically,  the phantom was imaged twice under 
the same conditions,  and a subtraction image was cre-
ated.  The SNR was obtained by dividing the signal 
average value in the range of approx.  7 × 7 pixels of one 
of the images captured twice by the standard deviation 
in the same region of the subtraction image and multi-
plied by the square root of 2 ( 　 ).  These calculations 
were performed for each pixel to calculate and create an 
SNR map.  The region of interest (ROI) was set to 
include > 75% of the phantom area on this SNR map,  
and the SNR was defined as the average value in the 
ROI.

Evaluation of distortion. The phantom for the 
evaluation of distortion was the physiologic saline-filled 
plastic container described above.  We examined whether 
the content of the micro-cuvette,  i.e.,  air or physiologic 
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saline,  affected the distortion.  The special-purpose coil 
was placed below the phantom,  and the large-loop coil 
was placed on top of the phantom.  Both the RESOLVE 
and EPI images were taken at room temperature.  The 
T2-weighted images were also taken,  as reference images 
without distortion.  The images were taken when the 
micro-cuvette was filled with physiological saline and 
when the amount of physiological saline in the 
micro-cuvette was gradually decreased and the air layer 
increased.  The extent of distortion on the images was 
evaluated visually.

Evaluation of the phase-direction artifact. The 
phantom for our evaluation of the phase-direction arti-
fact was composed of 120 mM PEG in a micro-cuvette.  
The micro-cuvette was placed in a physiologic saline-
filled plastic container.  The container was placed in a 
heating device that we constructed (made of ethylene- 
vinyl acetate copolymer) and connected to a circulation 
thermostatic chamber (Thermo-Mate BF-41,  Yamato 
Scientific Co.,  Tokyo,  Japan).  For the real-time phan-
tom temperature measurements,  an optical fiber ther-
mometer (Fluoroptic® m3300 series thermometer,  
Luxtron Co.,  Santa Clara,  CA,  USA) was installed 
5 mm above the bottom of the micro-cuvette,  and 
during the MR imaging.  the special-purpose coil was 
placed under the heating device,  and large-loop coil was 
placed on top of the heating device.  RESOLVE and EPI 
images were taken while the phantom was warmed to 
37°C.

Since the phase direction of this setting was the lon-
gitudinal axis of the micro-cuvette,  a profile of the sig-
nal intensity was taken from each pixel of the RESOLVE 
and EPI images along the midline of the longitudinal 
axis (from the bottom to the top) of the micro-cuvette.  
The natural logarithm value of each signal intensity was 
calculated.  The b-values between 0 and 1,300 sec/mm2 
were plotted on the horizontal axis,  and the natural 
logarithm signal for each b-value was plotted on the 
vertical axis.  We calculated used the least-square method 
to calculate the slope,  and the ADC values are repre-
sented as the negative values of the slope.  ADC values 
were plotted on the longitudinal axis as a function of the 
b-value on the horizontal axis,  from the bottom to the 
top of the micro-cuvette.  The range of the phase-direc-
tion artifact of the ADC values along the longitudinal 
axis was evaluated.

Evaluation of the bio-phantom. The bio-phan-
tom was Jurkat cells encapsulated in a micro-cuvette 

placed in a physiologic saline-filled plastic container.  
The container was placed in a self-made heating device 
connected to a circulation thermostatic chamber 
(Thermo-Mate BF-41).  For the real-time phantom tem-
perature measurements,  an optical fiber thermometer 
(Fluoroptic TM thermometer m3300) was installed 5 mm 
above the bottom of the micro-cuvette during the MR 
imaging.  The special-purpose coil was placed under the 
heating device,  and the large-loop coil was placed on 
top of the heating device.  RESOLVE images were taken 
while the phantom was warmed to 37°C.  The signal 
intensities of the ROI of 6 × 6 pixels at 5 mm above the 
bottom of the bio-phantom and that of the physiologi-
cal saline at the same height were measured for each 
b-value between 0 and 2,000 sec/mm2.  Using these sig-
nal intensities,  we calculated the ADC values of the 
bio-phantom and physiological saline.

MR imaging method. RESOLVE and EPI images 
were taken for the evaluations of the SNR,  distortion,  
phase-direction artifact,  and bio-phantom.  The MR 
imaging conditions used are summarized in Table 1.

MR image analysis. MR images were transferred 
into and analyzed using the image analysis software,  
ImageJ ver. 1.51 g (U.S.  National Institutes of Health,  
Bethesda,  MD).

Results

The SNR
1. The difference in SNR by RESOLVE vs. EPI 

sequence
The use of RESOLVE improved the SNR,  as shown 

in Fig. 1A , B.  The SNR values were 46.2 and 21.7 for 
RESOLVE and EPI,  respectively.

2. The difference in the SNR due to the selection of 
coils

The combination of the special-purpose coil and 
large-loop coil improved the SNR (Fig. 1A , C).  The SNR 
value was 46.2 for the combination of the special-pur-
pose coil and large-loop coil,  and 23.5 for the head/
neck coil.

Distortion of images
1. The difference in distortion by sequence
RESOLVE (Fig. 2B, E) lessened the distortion com-

pared to EPI (Fig. 2C , F) despite the air in the phantom.
2. The difference in distortion by the amount of air 

in the phantom
With both RESOLVE (Fig.2B,E) and EPI (Fig.2C,F),  
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the degree of distortion increased as the air volume in 
the phantom increased.

Phase-direction artifact. The RESOLVE (Fig. 3B) 
and EPI (Fig. 3C) images were taken for the phantom 
containing 120 mM PEG (Fig. 3A).  The phase-direc-
tion artifact appeared at the bottom of the phantom in 
both sequences (Fig. 3D).  However,  the range of the 
artifact of RESOLVE (4.82 mm) was narrower than that 
of EPI (11.00 mm).

Evaluation of bio-phantom. Fig. 4 illustrates the 
calculation of the ADC values of the bio-phantom.  The 
signal intensity of the ROIs on each RESOLVE image 
was plotted as a function of the b-values.  The regression 
lines were made for the bio-phantom and the physio-

logical saline using the least-squares method for the 
b-values between 0 and 1,300 sec/mm2.  Within this 
range of b-values,  the R2 in regression was > 0.99.  The 
ADC values were calculated as the negative value of 
these slopes.  The ADC values were 856 × 10−6 mm2/sec 
for the bio-phantom and 2,951 × 10−6 mm2/sec for the 
physiological saline.

Discussion

We examined the possibility of cell imaging using a 
clinical 3T MRI system with RESOLVE.  Our findings 
confirmed the improvement of the SNR and the lessen-
ing of distortion in addition to an improvement of the 
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Table 1　 RESOLVE and EPI MR imaging conditions,  SNR,  distortion,  phase-direction artifact and bio-phantom

Parameters
SNR and distortion Phase direction artifact Bio-phantom

RESOLVE EPI RESOLVE EPI RESOLVE

TR (msec) 8000 8000 8000 8000 8000
TE (msec) 80 122 103 98 103
ES (msec) 0.6 1.57 0.6 1.44 0.6
FOV (mm) 120 120 120 120 120
Matrix 162×162 162×162 224×224 120×120 224×224
BW (Hz/pixel) 386 752 360 758 360
Average 2 2 2 2 2
Segment 7 - 7 - 7
Slice thickness (mm) 5 5 5 5 5
Slice number 1 1 1 1 1
Phase direction AP AP AP AP AP

b-value (sec/mm2) 1000 1000
0, 200, 400, 600, 
800, 1000, 1100, 

1200, 1300

0, 200, 400, 600, 
800, 1000, 1100, 

1200, 1300

0, 200, 400, 600, 
800, 1000, 1100, 

1200, 1300, 1400, 
1500, 1700, 2000

Imaging time (h : min : sec) 7 : 06 1 : 14 1 : 43 : 30 12 : 42 1 : 43 : 30

TR,  repetition time; TE,  echo time; ES,  echo space; FOV,  field of view; BW,  band width; AP,  antero-posterior.

A B C

Fig. 1　 The SNR map based on the differences in sequences and in the selection of coils.  A,  RESOLVE with the combination of the 
special-purpose coil and large-loop coil.  SNR: 46.2; B,  EPI with the combination of the special-purpose coil and large-loop coil.  The SNR 
was 21.7; C,  RESOLVE with the head/neck coil.  SNR: 23.5.
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Fig. 2　 The distortion of images based on the different sequences and the volume of air in the phantom.  A ,D,  T2-weighted images as 
the control images without distortion; B ,E,  RESOLVE; C ,F,  EPI.  A-C,  No air in the phantom; D-F,  Different volumes of air in the 
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accuracy of ADC value measurement due to a reduction 
of the phase-direction artifact by RESOLVE.

Clinical 3T MRI compared to conventional 1.5T 
MRI has the advantage of high signal intensity and a 
high SNR that improve the image quality.  On the other 
hand,  clinical 3T MRI has the disadvantages of increased 
susceptibility effect and magnetic field non-uniformity,  
which cause an increases in the dephasing and the dis-
tortion of the images.  RESOLVE―one of the DWI 
techniques which decrease the dephasing and can 
reduce distortion―was introduced into clinical studies 
around the year 2008 to overcome these disadvantages 
[4 , 5].  With EPI,  a conventional DWI technique,  the 
single excitation fills the echo signals into the entire 
k-space.  During this period of echo filling,  dephasing 
progresses and causes distortion of the image.

RESOLVE is a new multi-shot EPI approach in 
which the k-space is divided into multiple segments in 
the readout direction,  compared to EPI,  With RESOLVE,  
the excitation repeats for each segment.  The echo sig-
nals are filled one-by-one into each segment and,  as the 
period of signal filling of each segment is short com-
pared to EPI,  dephasing cannot develop during each 
period.  As a result,  the total dephasing becomes small 
compared to EPI,  resulting in the reduction of the dis-
tortion of images [5].

Our present findings clarify that RESOLVE improves 

the SNR.  Multi-shot EPI has been reported to improve 
the SNR [9].  The SNR improvement might be explained 
by the higher signal intensity (because of small dephas-
ing) of RESOLVE compared to EPI.  When DW images 
are taken with a short effective TE,  the signal intensity 
increases due to the short echo space [10].  As the 
k-space is segmented with RESOLVE and the effective 
TE is shortened,  this might account for the improved 
SNR.

The phase-direction artifacts,  including N/2 arti-
facts,  are decreased with RESOLVE,  probably due to 
the decrease of the influence of magnetic field inhomo-
geneity with short TE imaging.

We measured the ADC value of the bio-phantom 
using RESOLVE at 37°C,  which is equivalent to the 
human body’s temperature.  The ADC value of the phys-
iological saline at that temperature was 2,951×10−6 mm2/
sec,  which was almost the same as the theoretical diffu-
sion of water,  3,000 × 10−6 mm2/sec,  at 37°C.

The usefulness of RESOLVE with clinical 3T MRI 
has been reported in the diagnosis of breast cancer and 
prostate cancer [11 , 12].  The results of our present 
study indicate that RESOLVE improves the accuracy of 
ADC value measurement due to the decrease in the 
phase-direction artifact,  suggesting that the application 
of RESOLVE in clinical 3T MRI may lead to a more 
accurate diagnosis of tumors.

The imaging time of RESOLVE (i.e.,  within the range 
between 7 min 6 sec and 1 h 43 min 30 sec) was longer 
than that of EPI (within the range between 1 min 14 sec 
and 12 min 42 sec).  The imaging time of RESOLVE 
was long in the present bio-phantom investigation 
because multiple b-values were used for the imaging.  
The imaging time of RESOLVE in clinical use is usually 
short,  such as 3 min,  with a few b-values.  We used the 
combination of a special-purpose coil and a large-loop 
coil for the imaging of the bio-phantom because this 
combination was superior to the head/neck coil for the 
imaging of a small object.  However,  the selection of a 
coil usually depends on the size of the objects in clinical 
use.

In conclusion,  RESOLVE with clinical 3T MRI is 
useful for the reduction of image distortion,  improved 
SNR,  and the accurate measurement of ADC values due 
to the reduced phase-direction artifact.  The accurate 
ADC value measurement of the present bio-phantom 
was possible with RESOLVE and clinical 3T MRI.
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