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Abstract
Purpose  Image contrast differs between conventional multislice turbo spin echo (conventional TSE) and multiband turbo 
spin echo (SMS-TSE). Difference in time interval between excitations for adjacent slices (SETI) might cause this difference. 
This study aimed to evaluate the influence of SETI on MT effect for conventional TSE and compare conventional TSE with 
SMS-TSE in this respect.
Materials and methods  Three different agar concentration phantoms were scanned with conventional TSE by adjusting 
SETI and TR. Signal change for different SETI was evaluated using Pearson’s correlation analysis. SMS-TSE was acquired 
by changing TR similarly. Three human volunteers were scanned with similar settings to evaluate reproducibility of the 
phantom results in human brain.
Results  In conventional TSE, shorter SETI induced larger signal reduction. Longer TR and higher agar concentration empha-
sized this characteristic. Significant linear correlation (P < 0.05) was found in the major cases. The SMS-TSE signal intensity 
in each TR and phantom was smaller than the assumable levels in conventional TSE when the slices were simultaneously 
excited. Similar characteristic was observed in human brain.
Conclusion  Shorter SETI results in larger MT effect in conventional TSE. The contrast change in SMS-TSE was larger than 
the supposable level from simultaneous excitation, which needs consideration in clinics.

Keywords  Multiple simultaneous slices · Magnetization transfer effect · Turbo spin echo sequence · Multiband imaging · 
Fast imaging

Introduction

Recently, a multiband technique that simultaneously 
excites multiple slices has been developed for high-speed 
imaging [1]. Its useful application in several fields has 
been reported, including diffusion-weighted imaging 
and perfusion-weighted imaging [2, 3]. Turbo spin echo 
(TSE) using this multiband technique (simultaneous mul-
tislice TSE: SMS-TSE) is another useful application of 
this technique, especially in scans for pediatric patients, 
because its shorter scan time contributes to a reduction 
in motion artifacts that is often problematic for children 
[4, 5]. However, the image contrasts obtained with con-
ventional multislice TSE and SMS-TSE are empirically 
different, which might not be ignored for clinical usage. 
One of the major reasons for this difference might be the 
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difference in the strengths of the magnetization transfer 
(MT) effect. As a typical example of MT effect-related 
contrast change in T1-weighted imaging of human brain, 
the contrast between the basal ganglia and the surrounding 
white matter becomes larger when the MT effect generated 
by the imaging sequence is larger. Here, as the white mat-
ter contains more macromolecules (i.e., myelin) than the 
basal ganglia, the signal reduction due to the MT effect 
is larger in the white matter. Thus, the contrast between 
the two tissues will be emphasized more in the imaging 
sequence that causes stronger MT effect.

MT is a dipole-interaction-related energy transfer phe-
nomenon that occurs as a result of the chemical exchange 
of protons between macromolecules and water mole-
cules [6–10]. Generally, T2 of a macromolecule proton is 
extremely short (i.e., 1 ms or less); therefore, the signal from 
this proton cannot be directly acquired by clinical magnetic 
resonance imaging (MRI). This is because the echo time 
(TE) cannot be sufficiently shortened for this T2 range. 
However, since the magnetic saturation is transferred to the 
water (liquid) proton that has a longer T2 (i.e., 10 ms or 
more) through MT, the magnetization of a macromolecule 
proton can be indirectly observed as a signal loss of water 
protons. This phenomenon is called the MT effect. Since 
the bandwidth of the resonance frequency is narrow for a 
water proton and wide for a macromolecule proton, when 
an off-resonance radio-frequency (RF) pulse is applied to a 
field where water protons and macromolecule protons coex-
ist, the signal of the water protons decreases owing to the 
saturation that first occurred in the macromolecules and was 
then transferred to the water protons. Some clinical scan 
sequences effectively utilize this phenomenon [11–14], but 
the changes in the image contrast derived from this effect 
become a problem in general multislice imaging [15, 16]. 
The mechanism of the MT effect in two-slice imaging (as a 
simple example of multislice imaging) is well explained by 
Henkeman et al. [17]. The mechanism can be summarized 
as follows. In this example, we defined the “first slice” as the 
slice where the magnetization of a macromolecular proton 
occurs by application of an RF pulse, and the “second slice” 
as the slice where the MT effect is observed as a reduction 
in the signal.

1.	 A slice-selective RF pulse for the first slice is applied. 
The water protons existing in the area of the first slice 
and the macromolecule protons existing in a wide area 
including the first- and second-slice areas are excited 
(saturated).

2.	 The saturation of macromolecular protons existing in the 
area of the second slice is transferred to nearby liquid 
protons within a very short time (i.e., MT), whereby 
some water protons of the second slice become saturated 
(partial saturation).

3.	 Longitudinal relaxation of the saturated water protons 
existing in the second-slice area occurs until the RF 
pulse is applied to the second slice. However, when 
the longitudinal relaxation of these protons is not com-
plete—even at the time of when the RF pulse is applied 
to the second slice—the signal observed in the second 
slice decreases according to the degree of incomplete-
ness.

In this example, it can be assumed that the strength of the 
MT effect, i.e., the magnitude of the signal reduction in the 
second slice, is influenced by the slice excitation time inter-
val (SETI) between the excitation of the two slices. This is 
because the degree of longitudinal relaxation that occurs in 
step 3 might change when the SETI changes. This assump-
tion has not been thoroughly discussed, most likely because 
the SETI is automatically determined in typical clinical MRI 
and cannot be changed. However, if the SETI has a strong 
influence on the MT effect, this might be the reason for the 
altered contrast observed in SMS-TSE. This is because, 
when simply focusing on the time interval between slice 
excitations, SMS-TSE is similar to a conventional multislice 
TSE scan with SETI being shortened to the limit, i.e., when 
assuming that SMS-TSE is a sequence where the SETI is 
shortened far below the typical range (even though there are 
some other differences between short SETI multislice TSE 
and SMS-TSE). Therefore, the aims of this study are: (1) to 
evaluate the influence of SETI on MT effect for conventional 
multislice TSE and, (2) to compare conventional multislice 
TSE with SMS-TSE in this respect.

Materials and methods

This study was approved by the local ethics review board 
of (blinded) and subjects’ informed consent was obtained. 
In this study, three agar phantoms and one ultrapure water 
phantom were scanned with a 3-T MRI machine (MAG-
NETOM Skyra, Siemens Healthcare, Erlangen, Germany) 
equipped with a 64-channel head coil. As a continuous 
imaging protocol, several images were acquired to obtain 
the T1, T2, and magnetic transfer ratio (MTR) maps. Next, 
conventional multislice TSE with an adjusted-SETI length 
(adjusted-SETI TSE) was carried out, followed by SMS-
TSE (prototype version). Then, the images were evaluated to 
assess the properties of the phantoms, the effect of SETI on 
the signal intensities and the differences between adjusted-
SETI TSE and SMS-TSE. The details are described in the 
following sections.
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Preparation and evaluation of the phantoms

Three agar phantoms with different agar concentrations and 
one ultrapure water phantom were prepared using ultrapure 
water and agar powder according to previous reports [18, 
19]. Three agar phantoms were created by adding agar pow-
der to boiled water and then sealing them in plastic cases. 
According to previous reports [11, 12, 18], these three phan-
toms had agar concentrations of 2, 4, and 8% so that the 
relaxation times of the agar phantoms were close to that of 
human tissues as much as possible. An ultrapure water phan-
tom was created by sealing ultrapure water in the same plas-
tic case. This process was carefully performed to ensure that 
the phantoms did not contain air bubbles, which was later 
confirmed by the images obtained in this study. Then, the 
three agar phantoms and one ultrapure water phantom were 
enclosed in a larger plastic case filled with ultrapure water 
to avoid susceptibility artifacts. The four phantoms were 
arranged inside the larger case so that they could be scanned 
simultaneously (Fig. 1). All of the scans were performed 
three times, and the images were averaged for assessment. 
To evaluate the properties of the phantoms, T1, T2, and 
MTR maps were obtained. The major imaging parameters 
are summarized in Table 1. T1 maps were calculated from 
the images obtained by the double flip angle (FA) gradient 
echo method using B1 correction of the turbo fast low-angle 
shot (turboFLASH) [20]. T2 maps were obtained from the 
images acquired by the multiecho spin echo method. The 
commercial software (Mapit, Siemens Healthcare, Erlangen, 
Germany) installed on the MR device was used for these 
calculations. The MTR was obtained by a method using 
a magnetization transfer contrast (MTC) pulse. The MTC 
pulse equipped in the MRI system (pulse shape = Gaussian, 
pulse duration = 9.984 ms, pulse off-resonance = 1200 Hz, 

FA = 500°) was used for this purpose. MTR maps were cal-
culated from the acquired images as 

where MTCon and MTCoff are the signal intensities acquired 
with and without an MTC pulse, respectively.

A circular region of interest (ROI) with a radius of 5 mm 
was set at the center of each phantom where the signal inten-
sity seemed the most homogeneous. T1 maps were used to 
define the ROIs, which were copied and pasted to other 
metric maps. All of the ROI-based measurements were per-
formed by copying and pasting these ROIs. The values of the 
pixels inside the ROIs were averaged in each ROI to obtain 
the T1, T2, and MTR values of each phantom [11, 12].

Image acquisition and assessment for adjusted‑SETI 
TSE

Two-slice TSE images were obtained and evaluated by 
adjusting the SETI in multiple steps (i.e., adjusted-SETI 
TSE) to assess how the differences in the SETI affect the 
observed signal intensity due to the MT effect (Fig. 2). 
The electrocardiogram (ECG) synchronization function 
(ESF) and pseudoelectrocardiogram (pseudo-ECG) wave 
generation function (pECGF) equipped in the MR device 
were used to adjust the SETI. The pECGF can mechani-
cally generate pseudo-ECG pulses at arbitrary intervals that 
can be passed to the ESF as a trigger to start a scan. Thus, 
the SETI could be adjusted using these functions. In addi-
tion, the TR was changed in three steps (400, 1000, and 
3000 ms) because the length of the TR generally affects 
the MT-effect-induced change in the signal [17]. The SETIs 

(1)MTR =
(

MTCoff−MTCon

)

∕MTCoff,

Fig. 1   Three agar phantoms with different agar concentrations (2, 4, 
and 8%) and an ultrapure water phantom were prepared for this study. 
Four plastic cases were used to seal these agar solutions and ultrapure 
water separately; then, they were enclosed in a larger plastic case 
filled with ultrapure water. The phantoms were arranged as shown to 
scan all of them simultaneously

Table 1   Imaging parameters for calculating the values of T1, T2, and 
the magnetization transfer ratio

MTR magnetization transfer ratio, FLASH fast low-angle shot gradi-
ent echo, MTC magnetization transfer contrast

T1 T2 MTR

Imaging sequence 3D FLASH 2D spin echo 3D FLASH
Repetition time (ms) 15 1200 30
Echo time (ms) 1.83 9.9, 19.8, 

29.7, 39.8, 
49.5

3.47

Slice thickness (mm) 4 4 4
In-plane resolution 

(mm)
1.1 1.1 1.1

Slice gap (mm) 0 0 0
Flip angle (°) 4, 21 N/A 7
Number of slices 20 20 20
Preparation pulse – – MTC pulse on, 

off
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were 50, 150, and 200 ms for TR = 400 ms; 50, 100, 200, 
300, 400, and 500 ms for TR = 1000 ms; and 50, 100, 200, 
300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 
1400, and 1500 ms for TR = 3000 ms. The other imaging 
parameters were fixed at TE = 9.3 ms, number of slices = 2, 
slice thickness = 4 mm, in-plane resolution = 1.1 mm, and 
echo train length (ETL) = 4. In addition, to observe the exact 
MT-effect-related change in the signal without the effect of 
interslice crosstalk due to the incompleteness of the slice 
profile, the slice gap for imaging was set to 8 mm, which 
was twice the width of the applied slice thickness. The signal 
intensities were measured and averaged on the basis of the 
ROIs of the second-slice image of each adjusted-SETI TSE 
acquisition (where the change in the signal due to the MT 
effect would be observed). The averaged signal intensities 
of the phantoms were normalized by the signal intensity 
of the ultrapure water phantom so that the average values 
from either different SETIs or TRs would be directly com-
parable. The ultrapure water phantom was suitable for this 
purpose because there is no MT effect in this phantom. For 
each TR in each phantom, the signal intensities at different 
SETIs were plotted to observe the relation between the SETI 
and the acquired signal intensity. This relation was further 
assessed by a Pearson’s correlation analysis, and P < 0.05 
was considered significant. Here, the ratio of the decrease 

in the signal related to the SETI (rsdSETI) was defined as 
an index that reflects how much the difference in the SETI 
affects the signal intensity in each phantom and the TR:

where SETIi is the specific SETI length, Si is the observed 
signal intensity at SETIi, and N is the number of differ-
ent SETIs applied for each phantom and each TR. Thus, A 
(which equals rsdSETI) and B correspond to the slope and 
intercept of the line that approximates the signal intensity for 
each TR and each phantom using the least-squares method. 
Then, the obtained values of rsdSETI were compared among 
different TRs and phantoms.

Image acquisition and assessment for SMS‑TSE

This section aims to compare the SMS-TSE images with the 
adjusted-SETI TSE images discussed in the previous sec-
tion. Images were acquired by SMS-TSE after images were 
acquired by adjusted-SETI TSE; thus, the scanned slices will 

(2)(A,B) = argmin
a,b

N
∑

i

[

S
i
−
(

aSETI
i
+ b

)]2
,

(3)rsdSETI = A,

Fig. 2   The time interval between the scans of two different slices was 
assessed as a factor to alter the magnetization transfer (MT)-effect-
related reduction in the signal. The circles with numbers indicate the 
excitation times for the first and second slices. The excitation of the 
first slice generates the magnetization of macromolecular protons, 
and the second slice is where the reduction in the signal due to the 
MT effect will be observed. Conventional multislice turbo spin echo 

(TSE) images were acquired by changing the slice excitation time 
interval (SETI) in multiple steps (adjusted-SETI turbo spin echo: 
adjusted-SETI TSE) to evaluate the effect of the SETI on the MT-
effect-related reduction in the signal. Images of a simultaneous mul-
tislice turbo spin echo (SMS-TSE) sequence, which simultaneously 
excites two slices, were also acquired to compare them with images 
of adjusted-SETI TSE
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be consistent for all acquisitions. Images were acquired by 
SMS-TSE by simultaneously exciting the two slices using 
a multiband technique. The slice gap was 8 mm, and the 
TR was set to 400, 1000, and 3000 ms—the same as that 
in adjusted-SETI TSE. Moreover, the other major param-
eters [e.g., the TE, number of slices, slice thickness, field 
of view (FOV), matrix size, and ETL] were also set to the 
same values used for adjusted-SETI TSE. The representative 
signal intensities for evaluation were measured and averaged 
on the basis of the ROIs. Then, these values were normal-
ized in the same manner as done for adjusted-SETI TSE. 
The signal intensity of SMS-TSE for each phantom and TR 
was compared with the signal intensity of the corresponding 
adjusted-SETI TSE. Furthermore, the following assessment 
was performed to evaluate whether the signal intensity of 
SMS-TSE was similar to the assumed signal intensity of 
adjusted-SETI TSE at SETI = 0 ms, despite the differences 
between these imaging sequences. First, the root-square 
error (RSE) between the measured adjusted-SETI TSE sig-
nal intensity and the fitted line obtained in the previous sec-
tion were calculated as

where RSEi is the RSE for SETIi, Si is the measured signal 
intensity at SETIi. and A and B are the constants obtained 
using Eq. 2. Then, their mean value (root-mean-square error: 
RMSE) was also calculated for each TR and each phantom 
as

where N is the number of different SETIs applied for each 
setting.

In addition, the RSE for SMS-TSE (RSESMS) was calcu-
lated for each TR and each phantom by comparing the signal 
intensity of SMS-TSE with the linear approximation for the 
corresponding adjusted-SETI TSE as

where SSMS is the signal intensity of SMS-TSE. Note that 
A in Eq. 4 does not appear in Eq. 6 because the SETI for 
SMS-TSE was considered to be zero. A measured signal 
intensity belonging to either adjusted-SETI TSE or SMS-
TSE was defined as an outlier when its corresponding 
RSEi or RSESMS was larger than three times the RMSE. An 
assessment was performed to determine whether the sig-
nal intensity of SMS-TSE would become the only outlier 
among all of the signal intensities of adjusted-SETI TSE 
and SMS-TSE.

(4)RSE
i
=
[

(

S
i
− A ⋅ SETI

i
− B

)2
]

1

2

,

(5)RMSE =
1

N

N
∑

i

RSE
i
,

(6)RSESMS =
[

(

SSMS − B
)2
]

1

2

,

Additional assessment for human brains

This additional section aims to briefly explore the reproduc-
ibility of the phantom results in a human-based study.

Brains of four healthy volunteers (male 27–37 years old) 
with no particular past history were scanned with the same 
MRI scanner as that used for the phantoms. The whole 
imaging protocol included adjusted-SETI TSE scans and an 
SMS-TSE scan in TR 400 ms. Two pseudo-spoiler pulses 
were added to each of these acquisitions to remove the effect 
of residual transverse magnetization due to the flow and 
inhomogeneity in an in vivo brain tissue. The other imag-
ing parameters were kept identical with the phantom scans, 
except that SETI at 50 ms was not applied for adjusted-SETI 
TSE in this scan as it was unavailable due to the additional 
pseudo-spoiler pulses. Therefore, the adjusted-SETI TSE 
scans included SETI = 100, 150, and 200 ms. The slice at 
the basal ganglia level was selected for each image series in 
each volunteer. Three ROIs were set on the images located 
at the putamen area, the deep white matter area around the 
superior longitudinal fasciculus, and the deep white matter 
area around the occipital lobe (Fig. 3). The latter two areas 

Fig. 3   Signal intensities of adjusted slice excitation time interval 
turbo spin echo (adjusted-SETI TSE) and simultaneous multislice 
turbo spin echo (SMS-TSE) were additionally evaluated for four 
human brains using a region of interest (ROI) based study. The slice 
at the basal ganglia level was selected from each volunteer, and then, 
three ROIs were manually designed. The ROIs were located at the 
putamen area (blue), the area around the superior longitudinal fascic-
ulus (red), and the area around the deep occipital white matter (pur-
ple). The signal intensities of the pixels included in each ROI were 
averaged to obtain a representative value for the ROI, and then they 
were normalized by the signal intensity of the pure water phantom 
scanned in the same slice (green). Furthermore, the normalized signal 
intensities for each ROI were averaged between the volunteers (color 
figure online)
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were selected because these areas had the most spacious 
and homogeneous white matter area at the selected slice 
level. Signal intensities of the pixels within each ROI were 
averaged, and then they were normalized using a simultane-
ously scanned pure water phantom, similar to the phantom 
study (Fig. 3). The normalized signals were further averaged 
between the four volunteers, and then the relation between 
the signal intensities and SETI length was assessed.

Results

Evaluation of the phantoms

Table 2 summarizes the measured values of T1, T2, and the 
MTR for each phantom. The values from previous reports 

[11, 12] are also indicated in parentheses as a reference. The 
measured values were in good agreement with the reference 
values. Comparing the values between different agar con-
centrations, T1 and T2 were lower, and the MTR was higher 
for a phantom with a higher agar concentration.

Evaluation of the signal intensities of adjusted‑SETI 
TSE

For all combinations of TRs and phantoms, a shorter SETI 
resulted in a lower signal intensity (Fig. 4). The values for 
Pearson’s correlation coefficient between the SETI and the 
signal intensity for each TR and each phantom are listed 
in Table 3. Strong correlations (R > 0.8) were observed, 
except for the phantom with an agar concentration of 2% at 
TR = 400 and 1000 ms; in particular, the correlations were 

Table 2   T1, T2, and 
magnetization transfer ratios of 
the phantoms

The numbers in the parentheses indicates the reference values cited from previously published reports
MTR magnetization transfer ratio

Ultrapure water Agar concentration

2% 4% 8%

T1 (ms) 3137 2612 (2514–3060) 2189 (2400–2405) 1550 (1690–1973)
T2 (ms) 1442 91 (54–80) 42 (29–37) 16 (12–17)
MTR 0.01 0.20 (0.19) 0.33 (0.31) 0.45 (0.47)

Fig. 4   The observed signal intensities of adjusted slice excitation 
time interval (SETI) turbo spin echo (TSE) (adjusted-SETI TSE) 
and simultaneous multislice TSE (SMS-TSE) in the phantom study. 
The signals were normalized by the signal of the ultrapure water 
phantom at each TR. The lines are the linear approximations for the 

corresponding adjusted-SETI TSE plots. A shorter SETI resulted in 
a lower signal intensity for adjusted-SETI TSE for all combinations 
of repetition times and agar concentrations. The signal intensities of 
SMS-TSE were always lower than the corresponding adjusted-SETI 
TSE signal intensities
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significant for phantoms with an agar concentration of 2% 
with a TR of 3000 ms, an agar concentration of 4% with 
TRs of 1000 and 3000 ms, and an agar concentration of 8% 
with TRs of 1000 and 3000 ms (P < 0.05). In every case, 
the rsdSETI was positive (Fig. 5). In addition, the rsdSETI 
was higher for phantoms with a higher agar concentration 
for each TR and higher at a shorter TR for each phantom 
(Fig. 5).

Evaluation of the signal intensities of SMS‑TSE

For all combinations of the TRs and phantoms, the signal 
intensity of SMS-TSE was smaller than that of adjusted-
SETI TSE (Fig. 4). The RSEs for the differences between 
the signal intensity of adjusted-SETI TSE and the linear 
approximation were relatively small and converged to a 
narrow range without any outliers for each TR and each 
phantom. On the other hand, RSESMS for each TR and each 
phantom was relatively large compared to the RSEs of 

adjusted-SETI TSE, and all of them were in the range of the 
outliers (Fig. 6).

Evaluation of the signal intensities of human brain

The averaged signal intensity of adjusted-SETI TSE mono-
tonically decreased as the SETI length decreased in all the 
ROIs (Fig. 7). In addition, the signal intensity of SMS-TSE 
was always smaller than the signal intensities of adjusted-
SETI TSE (Fig. 7). These results were similar to those of 
the phantom studies.

Discussion

To prepare multiple phantoms with different MTRs, three 
types of agar phantoms with different concentrations were 
created in this study. In these phantoms, the T1 and T2 val-
ues were smaller, and the MTR was larger in phantoms with 
a higher agar concentration. The differences in the T1 and 
T2 values are due to the smaller T1 and T2 values of agar 
compared to those of pure water [11, 12, 21]. In addition, 
the MTR was larger for a phantom with a higher agar con-
centration because the number of agar macromolecules that 
can contribute to the MT effect increases at a higher agar 
concentration [18]. The measured T1, T2, and the MTR val-
ues of the agar phantoms were similar to those in previous 
reports [19, 22, 23]; therefore, we considered that it is rea-
sonable to use these phantoms for this study. On the other 
hand, it was desirable to maintain identical T1 and T2 values 
for phantoms with different agar concentrations because T1 
and T2 affect the MT effect in addition to MTR. However, it 
was not achieved in this study owing to a technical difficulty.

Table 3   Result of Pearson’s correlation analysis between the SETI 
and the signal intensity

The numbers indicate Pearson’s correlation coefficients (R). The val-
ues in the parentheses are the P values. P < 0.05 was considered as a 
significant correlation
SETI slice excitation time interval

Agar concen-
tration (%)

Repetition time (ms)

400 1000 3000

2 0.424 (0.544) 0.530 (0.258) 0.894 (0.000)
4 0.859 (0.076) 0.833 (0.024) 0.982 (0.000)
8 0.859 (0.076) 0.955 (0.001) 0.980 (0.000)

Fig. 5   The ratio of the signal 
decrease related to the slice 
excitation time interval (SETI) 
(rsdSETI) obtained for the 
phantom study. The rsdSETI 
corresponds to the slope of the 
line that approximates the signal 
intensities of adjusted-SETI 
turbo spin echo (TSE) (see the 
lines in Fig. 4), which reflect 
how strongly the change in the 
SETI affects the signal intensity 
in each setting. As shown, the 
rsdSETI was relatively larger 
when the agar concentration 
was higher and the repetition 
time was shorter
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From the assessments of adjusted-SETI TSE, the strength 
of the influence of the SETI on the MT effect was evalu-
ated. As indicated by the results, the signal reduction was 
smaller when the SETI was longer (Fig. 4). This result can 

be explained as follows. The liquid protons partially satu-
rated by the MT pulse gradually relax longitudinally within 
the SETI. Thus, the number of partially saturated protons at 
the time of excitation of the second slice will be lower when 

Fig. 6   Distributions of the root-squared errors (RSE) of the adjusted 
slice excitation time interval (SETI) turbo spin echo (TSE) (adjusted-
SETI TSE) and simultaneous multislice TSE (SMS-TSE) sig-
nals compared to the linearly approximated lines obtained for the 
adjusted-SETI TSE signals (phantom study). The linear approxima-
tions are the same as those shown in Fig. 4 [the slopes of these lines 
were defined as the rsdSETI (Fig.  5)]. The boxplot and dot at each 

repetition time and agar concentration indicate the distribution of the 
RSEs for the adjusted-SETI TSE signals and the RSE for the SMS-
TSE signals, respectively. The RSEs were relatively small and distrib-
uted in a narrow range for adjusted-SETI TSE. However, the RSEs 
were relatively large for SMS-TSE and beyond the level of an outlier 
in all settings [the values were larger than three times the root-mean-
square error (RMSE; not shown)]

Fig. 7   Normalized and averaged 
signal intensities of adjusted 
slice excitation time interval 
(SETI) turbo spin echo (TSE) 
(adjusted-SETI TSE) and 
simultaneous multislice TSE 
(SMS-TSE) in human brain. 
Signal intensities of adjusted-
SETI TSE decreased as SETI 
became shorter. The signal 
intensity of SMS-TSE was even 
smaller than adjusted-SETI TSE 
signals, similar to the result of 
the phantom study (see Fig. 4)
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the SETI is long, which means that a longer SETI results in 
a smaller reduction in the signal due to the MT effect.

From the correlation analysis performed to confirm the 
relationship between the SETI and the signal intensity, high 
linear correlation coefficients of R > 0.8 were observed for 
most TR and phantom combinations. In particular, a sig-
nificant correlation was observed for phantoms with an agar 
concentration of 2% and TR = 3000 ms, an agar concentra-
tion of 4% and TR = 1000 and 3000 ms, and an agar con-
centration of 8% and TR = 1000 and 3000 ms. These results 
suggest the validity of the linear approximation between the 
SETI and the signal intensity of adjusted-SETI TSE within 
the ranges of parameter values used in this study. The cor-
relation coefficients for phantoms with an agar concentra-
tion of 2% and TR = 400 and 1000 ms were small, most 
likely because the change in the signal intensity related to 
the MT effect was too small owing to the very low agar 
concentration.

The rsdSETI reflects the magnitude of the influence of 
the SETI on the degree of signal reduction in each specific 
setting (Fig. 5). Note that this value is the slope when the 
relation between the SETI and the measured signal intensi-
ties was linearly approximated by the least-squares method. 
This linear approximation is based on the validity of the 
significant linear correlation between the SETI and the sig-
nal intensity from the Pearson’s correlation analysis. From 
the results of this study, the rsdSETI was larger when the 
agar concentration was higher for the same TR and when 
the TR was shorter for the same agar concentration (Fig. 5). 
The results show that the influence of the SETI was stronger 
under conditions where the MT effect generally appears 
stronger.

In addition to the MT effect, the influence of crosstalk 
between the slices due to incompleteness of the slice pro-
file can potentially affect the observed signal intensity [24]. 
However, the slice gap set to 200% of the slice thickness 
(4 mm) in this study might be enough to avoid this effect 
[see supplementary experiment (Online Resource 1) for 
additional discussion].

The signal intensity of SMS-TSE was lower than that of 
adjusted-SETI TSE in all the settings (Fig. 4). In addition, 
the signal reduction of SMS-TSE was very large compared 
to that of adjusted-SETI TSE. As shown in Fig. 4, the sig-
nal intensities of adjusted-SETI TSE are close to the linear 
approximations with very low errors, but the signal intensi-
ties of SMS-TSE were far below these lines. The deviations 
from these lines were further assessed by comparing the 
RSEs (Fig. 6). RSESMS was much larger than the RSEs of 
adjusted-SETI TSE, which by far exceeded the level distin-
guished as an outlier. This means that the reason why the 
MT effect of SMS-TSE is the strongest cannot be explained 
solely by the shortest scan time interval between the two 
slices.

As one possible reason for explaining the large MT effect 
in SMS-TSE, the relation between the SETI and the signal 
intensity might be different in a smaller SETI range because 
the MT effect might be nonlinear if the difference in the 
SETI mainly reflects the level of longitudinal relaxation of 
saturated protons. This question can be answered by adding 
scans with shorter SETIs. However, it was not available in 
this study because ETL for the scans was fixed to four to 
observe the MT effect sufficiently. The SETI can be short-
ened if the ETL is smaller, but the MT effect also becomes 
small [25, 26].

As another possible reason, the RF pulse is not the same 
for conventional TSE and SMS-TSE. In SMS-TSE, the 
energy magnitude of an RF pulse is relatively large com-
pared to that of conventional TSE because multiple slices 
are simultaneously excited. Therefore, the limitations related 
to the specific absorption ratio (SAR) and the maximum 
applied voltage of the RF power amplifier become prob-
lematic in SMS-TSE. To overcome these problems, SMS-
TSE adopts a variable-rate selective excitation (VERSE)-
waveform RF pulse instead of the sinc-waveform RF pulse 
used in conventional TSE. The VERSE-waveform RF pulse 
for SMS-TSE is designed so that the number of excited pro-
tons and the flip angle become the same as those obtained 
with the sinc-waveform RF pulse. However, the VERSE-
waveform RF pulse gradually alters the magnetic gradient 
strength during a scan. This means that other important 
parameters, including the offset frequency, bandwidth, and 
RF duration, might not be consistent during excitation. 
These differences in the RF pulse may also be a reason for 
the strong MT effect found in SMS-TSE. Additional multi-
slice scan using VERSE-waveform RF pulse and adjusted-
SETI may help further understand this problem; however, 
such a scan was not available in the work-in-progress imag-
ing sequence used in this study. For the same reason, other 
additional evaluations of the VERSE-waveform RF pulse 
(e.g., visualizing the slice profile) were also not available.

Scans for human brain were additionally performed to 
verify the reproducibility of the results seen in the phantom 
studies. The scan design was simplified to accomplish the 
whole scan within a reasonable scan time. The parameters 
were selected so that the settings would be practical consid-
ering the clinical T1-weighted image scans.

The relation between the SETI length and signal intensity 
of adjusted-SETI TSE in human subjects was similar to that 
found in the phantom study, where the signal was lower in 
shorter SETI in all the ROIs (Fig. 7). In addition, the charac-
teristic of the signal reduction of SMS-TSE being larger than 
the level of supposedly linear decrease of adjusted-SETI 
TSE was also similar to the phantom study (Fig. 7). Thus, we 
may imply that the results of the phantom study were well 
reproduced in humans at least within the examined range.
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In this study, it was shown that the MT effect appears 
strongly in the SMS-TSE imaging compared to the conven-
tional multislice TSE imaging. This characteristic should 
carefully be mentioned in clinical settings because the image 
contrast might be more greatly affected by the MT effect. 
However, there is a possibility that more useful imaging can 
be performed by effectively using this characteristic. As exam-
ples, Gd-enhanced imaging [27] and neuromelanin imaging 
[28, 29] using SMS-TSE may achieve a higher contrast than 
that obtained with the conventional TSE. Moreover, the acqui-
sition time would be relatively shorter, which may be desirable 
for clinical scans.

There are several limitations in this study. Most of all, the 
RF pulses applied for adjusted-SETI TSE and that applied for 
SMS-TSE were different, as mentioned above. This limitation 
was unable to overcome due to a technical reason. Therefore, 
the reason for the strong MT effect of SMS-TSE was not thor-
oughly evaluated. An additional study is necessary to prove 
supplement this problem. The other limitations are as follows. 
First, the T1 and T2 values of the phantoms were not identi-
cal. The addition of a material such as manganese may help to 
overcome this problem, but it was not performed in this study 
owing to a technical difficulty. Second, the SETI could not 
be set to less than 50 ms because the ETL was fixed at four 
to ensure that the MT effect was sufficiently large. Third, the 
effect of the differences in the RF pulses of conventional TSE 
and SMS-TSE was not isolated for discussion in this study 
owing to a technical difficulty.

In conclusion, shorter SETI results in a larger MT effect in 
conventional multislice TSE. The contrast change in SMS-TSE 
was even larger than the level supposable from its simultane-
ous excitation, which needs to be considered in clinical use.
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