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Abstract

Purpose: To examine the optimal number and combination of b-values in intravoxel incoherent motion (IVIM) diffusion-
weighted imaging (DWI) of the major salivary glands.

Material and methods: IVIM-DWI was performed on 10 healthy volunteers using 13 b-values (low b-values: 0-100 s/mm?
high b-values: 200-1000 s/mm?). The IVIM parameters and apparent diffusion coeflicient of the bilateral major sali-
vary glands were calculated using 13 b-values and were considered the standard values. We sequentially reduced the
number of b-values to 10, 8, 6, and 5. The parameters in each combination were calculated. The standard values were
compared with the parameters from each reduced b-value in IVIM-DWI. The Wilcoxon signed-rank test was used to
determine whether there were any differences between the parameters in each combination. Bonferroni correction
was conducted for multiple comparisons.

Results: There were no significant differences between the standard values and parameters from the 2 combinations
of 6 b-values. However, significant differences were observed between the standard values and parameters from some
combinations of only 2 low or only 2 high b-values.

Conclusions: IVIM-DWI of the major salivary glands could be performed using a minimum of 6 b-values. However,
they should contain 3 low and 3 high b-values.

Key words: salivary glands, magnetic resonance imaging, diffusion, perfusion, quantitative evaluation.

perfusion. Le Bihan proposed the use of IVIM-DWTI,
which could assess the diffusion of water molecules and

Introduction .
perfusion separately [2].

Intravoxel incoherent motion (IVIM) involves the diffu-
sion of water molecules and perfusion [1,2]. Diffusion-
weighted imaging (DWI) is used to evaluate IVIM.
However, the diffusion of water molecules alone can be
evaluated through DWT using high b-values to exclude

The apparent diffusion coeflicient (ADC) is generally
used as the quantitative parameter in DWI. In IVIM-
DWI, the diffusion of water molecules and perfusion
are evaluated using the following parameters: perfusion
fraction (f [%]), diffusion coefficient (D [mm?/s]), and
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pseudo-diffusion coefficient (D x [mm?/s]). The IVIM
parameters were calculated using the following equation:

§,/S,= (1 -f) x exp (-bD) + fx exp [- b x (D + D*)] D

where §, is the signal intensity at a b-value greater
than 0 s/mm* and S, is the signal intensity at a b-value of
0 s/mm?. Equation (1) shows a bi-exponential function, and
a bi-exponential curve fitting is performed on the graph of
Equation (1). Thus, multiple b-values are required to ob-
tain IVIM parameters. IVIM-DWI using a large number of
b-values can accurately estimate IVIM parameters. How-
ever, this method is disadvantageous because it has a long
imaging time [3]. The b-values in IVIM-DWI in individuals
with kidney [4], prostate [5], and breast cancers [6] have
been evaluated. Previous studies have reported that the
required number of b-values in IVIM-DWI of the abdo-
men is more than 10 [3], and more than 2 b-values between
0 and 50 s/mm?are required in IVIM-DWI of the liver [7].
Furthermore, 4 optimised b-values can be used for the as-
sessment of IVIM parameters in liver lesions [8].

Some studies have reported the utility of IVIM-DWI
in patients with salivary gland tumours, pharyngeal can-
cer, laryngeal cancer, and lymph node metastasis in the
head and neck [9-18]. However, there has been no report
on the optimal number and combination of b-values in
IVIM-DWI of major salivary glands, and the optimum
settings of b-values in that must be investigated to main-
tain the quality in the assessment of each parameter and
shorten the imaging time.

Thus, the current study aimed to examine the optimal
number and combination of b-values in IVIM-DWTI of the
major salivary glands.

Material and methods

Participants

This study was approved by our institutional review board,
and written informed consent was obtained from all par-
ticipants. Ten healthy volunteers (4 men and 6 women,
with an average age of 21.7 [range: 21-24] years) were en-
rolled in this study.

Magnetic resonance imaging

All healthy volunteers underwent MRI using a 1.5-T ma-
chine (Echelon Vega, Hitachi, Ltd., Tokyo, Japan) with
a 16-channel head coil. Magnetic resonance imaging
(MRI) was performed using multi-shot spin echo-echo
planar imaging (EPI) with 2 shots and 13 b-values (low
b-values: 0, 10, 20, 30, 40, 50, 75, and 100 s/mm? high
b-values: 200, 300, 500, 750, and 1000 s/mm?). Low and
high b-values were distinguished by a b-value of 200 s/mm?
because the influence of perfusion was almost excluded
using b-values larger than 200 s/mm?. The following pa-

Optimal b-values in [VIM-DWI of major salivary glands

rameters were used: repetition time/echo time, 3300/
62.4 ms; field of view, 230 x 230 mm? matrix size, 136
x 192; thickness/gap, 5.0/0.5 mm; number of signal aver-
ages, 2; sensitivity encoding factor, 2; fat saturation, chem-
ical shift selective; and bandwidth, 250 kHz. Intervals of
motion probing gradient (MPG) pulses (A) were 30.724
ms, and the duration of each MPG pulse (8) was 21.056
ms. The scanning time was 12 min and 21 s. Before every
acquisition of IVIM-DWI, calibration scans to predict
and correct the eddy current caused by MPG pulses were
performed.

Calculation of the IVIM parameters and ADC

The influence of D* can be neglected when b-values larg-
er than 200 s/mm?* were used. Thus, Equation (1) on this
condition can be simplified as follows:

S,./S

bl" b2

= exp (-bD) ()

where S, and S, are signal intensities at different b-val-
ues, which are equal to or greater than 200 s/mm?.

We first obtained D with the least-squares method us-
ing Equation (2). Then, D* and f were obtained with the
Nelder-Mead simplex method using Equation (1) [19]
because low perfusion fraction, limited sampling, or low
precision were challenging in a simultaneous nonlinear fit
using Equation (1) [20].

We used a workstation (Volume analyser SYNAPSE
VINCENT, FUJIFILM Corporation, Tokyo, Japan) to
calculate each parameter. The regions of interest (ROIs)
in the bilateral parotid, submandibular, and sublingual
glands were set manually in DWT at a b-value of 0 s/mm?
by a radiologic technologist (Figures 1 and 2). The sizes
of the ROIs were 39.5, 39.5, and 23.4 mm?, respectively.
A single ROI was set for each salivary gland. Then, they
were copied automatically in an ADC, D, D*, and f maps.
The average signals in each ROI were calculated. The ROIs
were set to avoid large vessels or salivary gland ducts at
the maximum diameter level of the salivary gland by re-
ferring to DWT at a b-value of 0 s/mm? and an ADC map.
ADC was calculated using the following equation:

S,./S,, = exp {-(b, -b,) (ADC)} 3)

where S, and S, are signal intensities at different
b-values (b, and b,). We obtained the ADC with the least-
squares method using Equation (3).

Quantitative analysis

First, the parameters were calculated through IVIM-DWI
using 13 b-values (the full combination) and were con-
sidered the standard values. Second, each parameter was
calculated through IVIM-DWT using 10 b-values (10-A to
10-D combinations) selected from the full combination,
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ADC Map

DWI(b=0)

Figure 1. Regions of interest (ROIs) in an apparent diffusion coefficient (ADC) map, D map, D* map, f map, and diffusion-weighted imaging (DWI) at a b-value
of 0 s/mm?in the bilateral parotid glands. A radiologic technologist manually set the ROls in the bilateral parotid glands in DWI at a b-value of 0 s/mm?2,
The size of the ROl is 39.5 mm?2 The ROIs were copied automatically on an ADC map, D map, D* map, and f map

ADC Map

RCED)

Figure 2. Regions of interest (ROIs) in an apparent diffusion coefficient map, D map, D* map, f map, and diffusion-weighted imaging (DWI) at a b-value of
0s/mm?in the bilateral submandibular and sublingual glands. The ROIs in the bilateral submandibular and sublingual glands were set similarly to those in
the bilateral parotid glands. The sizes of the ROIs are 39.5 and 23.4 mm?, respectively
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and each parameter was compared with the standard
values. Table 1 shows the number and combination of
b-values. Thereafter, combinations of 8 b-values were used
by referring to the combinations of 10 b-values. Each pa-
rameter was calculated through IVIM-DWI using combi-
nations of 8 b-values and was compared with the standard
values. Using a similar method, the combinations of 6 and
5 b-values were used, and each parameter was calculated
and compared with the standard values. A b-value of
0 s/mm?was included in all combinations because Equa-
tion (1) included S, which was the signal intensity at
a b-value of 0 s/mm’.

For the parameters in the full combination and the
combinations of b-values that did not significantly differ
from the standard values, we calculated the mean values
of the signal intensity and standard deviations (SDs) of
these parameters in the major salivary glands. When we
calculated the mean values of the signal intensity and
SDs, the ROIs were set manually on DWT at each b-value
by a radiologic technologist, similarly to the evaluation
of IVIM parameters and ADC. Additionally, the signal-
to-noise ratio (SNR) in the major salivary glands of each
b-value was calculated using the following equation:

SNR = S/SD, (4)

where S is the signal intensity in each major salivary
gland and SD is the standard deviation of the signal in-
tensity in each major salivary gland. The signal intensity
shows the mean value in the ROIs of the bilateral major
salivary glands.

The bi-exponential signal decay curves in some com-
binations of b-values were obtained in the major salivary
glands. These curves were obtained by substituting Equa-

Table 1. The number and combination of b-values

Optimal b-values in IVIM-DWI of major salivary glands

tion (1) for b-values and mean values of IVIM parameters
in the major salivary glands.

Statistical analysis

The Wilcoxon signed-rank test was used to determine
whether there were any differences between the standard
values and parameters assessed through IVIM-DWI us-
ing each combination (p < 0.05). JMP® 15 software (SAS
Institute Inc., Cary, NC, USA) was used for the analysis.
Moreover, we applied Bonferroni correction for multiple
comparisons and set the corrected significance level to less
than 0.05/4 = 0.0125.

The coeflicient of variation (CV) was used to evaluate
the reproducibility of In (S, /S) for each b-value in 10 volun-
teers. Moreover, it was used to evaluate the reproducibility of
each parameter in the major salivary glands of 10 volunteers
and was calculated using the following equation:

CV [%] =|SD/mean| x 100 (5)

The CV was calculated using the mean value and SD
for each parameter of 10 volunteers.

The Steel-Dwass test was used to determine whether
there were any differences in each parameter in the major
salivary glands (p < 0.05). JMP® 13 software (SAS Institute
Inc., Cary, NC, USA) was used for the analysis.

Results

The number and combination of b-values

Table 1 shows the number and combination of b-values.
The 8-A and 8-B combinations were obtained using the

Combination Low b-value [s/mm?] | High b-value [s/mm?]

20 | 30 | 4 | 75 | 100 | 200 | 300 | s00 | 750 | 1000
Full o o . . . . . . . . . . o
10-A o o o o o o o o o o
10-B o o o o o o o o o o
10-C o o o o o o o o o o
10-D o o o o o o o o o o
8-A o o o o o o o o
3-B . . . . . . . .
8-C . . . . o o o o
8-D o o o o o o o o
6-A . . o o o o
6-B o o o o o o
6-C . . . o . o
6-D . . . . . .
57 o o o o o
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10-A combination because there were no significant dif-
ferences between the standard values and parameters
derived using IVIM-DWTI with the 10-A combination.
The 8-C and 8-D combinations were achieved using
the 10-B combination, 6-A and 6-B combinations using
the 8-B combination, 6-C and 6-D combinations using the
8-D combination, and the 5-A combination was obtained
using the 6-A and 6-C combinations because there were
no significant differences between the standard values and
parameters derived using IVIM-DWI with the 10-B, 8-B,
8-D, and 6-A, 6-C combinations, respectively.

Quantitative analysis

Tables 2, 3, 4, and 5 demonstrate the mean values + SD
of the IVIM parameters and ADC in the bilateral major
salivary glands for each combination of b-values. There
were statistically significant differences between the stan-
dard values and parameters derived using IVIM-DWI
with the 10-C, 10-D, 8-A, 8-C, 6-B, and 5-A combinations
(p <0.0125).

Table 6 shows the CV of In (S,/S,) for each b-value in
the major salivary glands. The CV of In (S,/S ) at a b-value

Table 2. The mean values and SD of the D values [x 10° mm?/s] in the bilateral major salivary glands of each combination

Parotid gland ‘ Submandibular gland ‘ Sublingual gland
Mean £ SD | p-value | Mean + SD | p-value | Mean + SD p-value

Full 0.905 +0.268 - 1.01£0.223 - 1.14 +0.454 -

10-A 0.908 +0.272 0.500 1.01£0.217 0.750 1.14£0.461 1.000
10-B 0.899 + 0.264 0.188 1.01£0.225 0.609 1.14£0.459 0.250
10-C 0.907 £0.321 0.883 1.00£0.276 0.877 1.09£0.521 0.241
10-D 0.983 + 0.500 0.577 1.18 £ 0.604 0.273 1.31£0.660 0.186
8-A 0.878 +0.267 0.045 0.990 +0.186 0.336 1.13+£0.453 0.279
8-B 0.882+£0.314 0.641 0.958 +0.258 0.265 1.09 £ 0.484 0.165
8-C 0.883 +£0.275 0.091 0.991+0.193 0.213 1.13£0.453 0.327
8-D 0.880 +0.313 0.564 0.958 +0.248 0.290 1.09 +0.484 0.165
6-A 0.880 +0.312 0.564 0.955 +0.253 0.249 1.07 £0.476 0.048
6-B 0.881+0.314 0.589 0.955 +0.253 0.249 1.08 +0.489 0.106
6-C 0.879 +£0.308 0.565 0.954 +0.256 0.249 1.11£0.506 0.346
6-D 0.883 +£0.314 0.628 0.942 +0.252 0.103 1.06 £0.477 0.049
5-A 0.880 +0.313 0.564 0.959 +0.252 0.298 1.09 £ 0.491 0.125

Table 3. The mean values and SD of the D* values [ 10° mm?/s] in the bilateral major salivary glands of each combination

b-value Parotid gland | Submandibular gland | Sublingual gland

Mean £ SD p-value | Mean £ SD | p-value | Mean + SD p-value
Full 463+31.7 - 46.4+327 - 40.7 +£28.1 -
10-A 39.9+324 0.165 46.4+283 0.430 329+227 0.475
10-B 46.9+25.7 0.564 449 +30.2 0.522 48.1+30.6 0.0296
10-C 50.4+29.9 0.0637 51.5+32.8 0.294 42.1+245 0.546
10-D 30.5+254 <0.0001* 39.2+25.2 0.165 27.6+233 0.0012*
8-A 38.6+31.4 0.143 5124311 0.729 3211237 0.261
8-B 416+314 0.277 5224319 0.622 347422 0.143
8-C 47.1+26.0 0.498 473+31.6 0.674 43.5+26.9 0.277
8-D 48.6+21.7 0.522 44.5+283 0.956 47.8+249 0.165
6-A 35.8+13.4 0.409 4.2+187 0.701 37.8+223 0.956
6-B 341+346 0.0094* 43.5+33.2 0.546 29.8+26.8 0.105
6-C 43.9+19.1 0.756 493+258 0.596 433+244 0.246
6-D 33.2+29.2 0.0583 30.9+28.5 0.0172 3574330 0.349
5-A 37.2+16.1 0.294 50.1+21.7 0.784 35.2+344 0.648

*Bonferroni-adjusted p-values < 0.0125 at multivariate analysis.
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Table 4. The mean values and SD of the f values [%] in the bilateral major salivary glands of each combination

Optimal b-values in IVIM-DWI of major salivary glands

Parotid gland Submandibular gland | Sublingual gland

Mean + SD p-value Mean £ SD p-value | Mean £ SD p-value
Full 345+15.5 - 453+14.9 - 34.0+20.2 -
10-A 31.8+17.1 0.0710 443+15.2 0.107 329+ 186 0.354
10-B 352+16.2 0.459 455+14.2 0.257 345+19.7 0.774
10-C 31.6+16.9 0.185 455+14.8 0.552 37.6+18.6 0.299
10-D 38.0+18.1 0.0328 472+184 0.528 43.9+184 0.0022*
8-A 321+176 0.0894 42.5+16.3 0.334 346+19.6 0.307
8-B 32.2+16.0 0.0799 46.1+143 0.819 341+19. 0.906
8-C 346+16.9 0.195 4524151 0.602 38.6+18.6 0.013
8-D 36.4+15.1 0.0935 48.8+13.9 0.168 38.0+21.0 0.363
6-A 3111145 0.0371 463 +13.6 0.978 33.2+19.9 0.672
6-B 333+157 0.630 46.9+14.0 0.504 342+183 0.589
6-C 33.8+ 146 0.481 46.5+13.1 0.701 38.4+20.3 0.354
6-D 34.0+13.6 0.414 487+11.1 0.281 33.8+16.2 0.763
5-A 303+149 0.0075* 459+143 0.841 31.5+19.6 0.784

*Bonferroni-adjusted p-values < 0.0125 at multivariate analysis.

Table 5. The mean values and SD of the ADC values [x 10° mm?/s] in the bilateral major salivary glands of each combination

Parotid gland Submandibular gland Sublingual gland
Mean + SD p-value Mean + SD p-value Mean + SD p-value

Full 1.07 £0.357 - 1.45+0.346 - 1.25+0.539 -

10-A 1.08 £ 0.405 0.383 1.44+£0.387 0.945 1.27 +£0.608 0.798
10-B 1.05£0.357 0.297 1.42+£0.358 0.0808 1.24+0.556 0.317
10-C 1.00£0.332 0.0038* 1.34+0.288 <.0001* 1.22+0.491 0.057
10-D 1.18 £0.444 0.0016* 1.62£0.515 0.0022* 1.34£0.620 0.028
8-A 1.03 £0.400 0.234 1.36£0.349 0.0016* 1.24+0.586 0.534
8-B 1.07 £0.413 0.746 1.43£0.371 0.561 1.27£0.615 0.805
8-C 1.01£0.361 0.0090* 1350321 <.0001* 1.21£0.535 0.045
8-D 1.05£0.365 0.136 141£0.339 0.145 1.24+0.557 0.325
6-A 1.12+0.423 0.0973 1.47 £0.376 0.447 1.31£0.616 0.199
6-B 1.03+0.397 0.186 1.37£0.363 0.0044* 1.24+0.623 0.509
6-C 1.08 +0.403 0.576 1.44+0377 0.777 1.28 +0.608 0.588
6-D 1.04+0.349 0.0816 1.38+0.313 0.03 1.23+0.530 0.701
5-A 1.14 +0.466 0.121 1.49+0.425 0.307 1.33+0.684 0.245

* Bonferroni-adjusted p-values < 0.0125 at multivariate analysis.

of 10 s/mm?was the lowest among the low b-values, and
that for a b-value of 300 s/mm?was the highest among the
high b-values in all the major salivary glands. Figure 3
presents the mean values and SD of the IVIM parameters
and ADC in the major salivary glands, and Table 7 depicts
their CV. There were statistically significant differences in
IVIM parameters in some pairs of major salivary glands
(p < 0.05). The f values for the submandibular gland in
Figure 3 were significantly higher than the those for the
other 2 glands. The CV in D, D*, f, and ADC values were

25.0-43.1%, 64.0-67.0%, 30.0-56.0%, and 25.2-46.0%, re-
spectively, in the major salivary glands. Table 8 shows the
SNR in the major salivary glands for each b-value. The
average SNR of each b-value in the major salivary glands
was 6.04-10.2.

The signal decay curves

Figure 4 shows the bi-exponential signal decay curves
obtained from the full combination and the 6-A and 6-C
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e251



Mitsuhiro Kimura, Hidetake Yabuuchi, Hiroshi Narita et al.

Table 6. The CV of In (5,5, for each b-value

b-value The CV [%] of In (Sb/SO)

[s/mm’] Parotid gland Submandibular gland Sublingual gland All the major salivary glands
0 NA NA NA NA
10 31.5 40.3 84.7 57.9
20 94.1 63.4 130 92.6
30 173 129 234 173
40 160 141 179 159
50 103 81.1 132 107
75 126 88.7 136 116
100 78.9 68.1 81.4 76.3
200 65.0 38.5 70.5 59.8
300 76.5 57.0 98.4 77.1
500 47.6 36.3 66.9 52.3
750 393 34.5 52.8 44.2
1000 38.2 27.2 49.0 40.1

NA — not applicable.

A 20 B 100
' p<0.05 | NS. |
I 1
p<0.05 N.S. N.S. NS.
I 10 1 8oL I 1T 1
15F
T E 60
g E
1.0+ =
X Xl
= ) 40
0.5+
20+
0.0 : " " 0 : ; ;
Parotid gland Submandibular Sublingual gland Parotid gland Submandibular Sublingual gland
gland gland
C 100 Dys
NS p <0.05
S. | |
p <0.05 p <0.05
sl p<0.05 . p<0.05 | 2ok | -
60f Eist
g T
- X
401 10+
=T
20r 0.5}
0 : ; ; 0.0 " " "
Parotid gland Submandibular Sublingual gland Parotid gland Submandibular Sublingual gland
gland gland

Figure 3. Mean values and standard deviation (SD) of the intravoxel incoherent motion (IVIM) parameters and apparent diffusion coefficient (ADC) in
the major salivary glands. There were statistically significant differences in IVIM parameters and ADCin some pairs of the major salivary glands (p < 0.05)
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Table 7. The CV of IVIM parameters and ADC in the bilateral major salivary
glands

Parotid | Submandibular | Sublingual

gland gland gland
The CV [%] of D values 334 25.0 4.1
The CV [%] of D* values 64.0 64.9 67.0
The CV [%] of f values 459 30.0 56.0
The CV [%] of ADCvalues |  36.0 25.2 46.0

combinations in the major salivary glands. There were
few differences between the bi-exponential signal de-
cay curves obtained from the full combination and the
6-A and 6-C combinations.

Discussion

Our study showed that the number of b-values could
be reduced to a minimum of 6 in IVIM-DWI of the ma-
jor salivary glands. Moreover, they should include 3 low
and 3 high b-values. This result was based on the fact that
there were no significant differences between the standard
values and parameters derived using IVIM-DWI with ei-
ther the 6-A or 6-C combination. Conversely, there were
statistically significant differences between the standard
values and parameters derived using IVIM-DWI with
the 5-A combination, which included 2 low b-values,
and the 10-C and 10-D combinations, which included
2 high b-values. Based on the combinations of b-values
with a statistically significant difference in the parameters
compared with the standard values, we believe that [VIM-
DWT using 5 or fewer b-value combinations should have
demonstrated a significant difference from the standard
values, and we believe that it is possible that IVIM-DWI

Table 8. The SNR in the major salivary glands for each b-value

Optimal b-values in IVIM-DWI of major salivary glands

of the major salivary glands could be performed using
3 low and 3 high b-values at the lowest. Additionally,
Figure 4 shows few differences between the bi-exponential
signal decay curves obtained from the full combination
and the 6-A and 6-C combinations in the major salivary
glands. Moreover, the imaging time of IVIM-DWI with
6 b-values such as the 6-A or 6-C combination was about
a half of that with 13 b-values (full); therefore, less motion
artefact of IVIM-DWI with 6 b-values could be expected
to occur compared with that with 13 b-values (full). This
needs to be validated in future studies [8]. Therefore, we
believe that it is possible that IVIM-DWT of the major sal-
ivary glands could be performed using 3 low and 3 high
b-values.

The CV of In (S,/S,) at a b-value of 10 s/mm*was the
lowest among the low b-values in all the major salivary
glands, and we speculated that there was less difference in
the bi-exponential curve fitting between the combinations
with a b-value of 10 s/mm? and full. Thus, there were no
significant differences between the standard values and
parameters derived using IVIM-DWI with 3 low b-val-
ues, which included a b-value of 10 s/mm?. The CV of In
(S,/S,) at a b-value of 300 s/mm?was the highest among
the high b-values in all the major salivary glands, and
we speculated that there were large differences in the bi-
exponential curve fitting between the combinations with
a b-value of 300 s/mm? and full. Therefore, there were
statistically significant differences between the standard
values and parameters derived using IVIM-DWI with
3 high b-values, which included a b-value of 300 s/mm?.
Moreover, the CV of In (S,/S ) in all b-values was high
(27.2-234%); therefore, we speculated that there could be
differences in the bi-exponential curve fitting between
the combinations of 10-C with 2 high b-values, 5-A with
2 low b-values, and full.

b-value SNR of parotid gland | SNR of submandibular gland | SNR of sublingual gland Mean + SD
[s/mm’] Mean + SD | Mean + SD | Mean + SD

0 8.84+239 10.6 £1.98 10.1+£2.98 9.86 +2.59
10 10.6 £2.49 9.34+3.26 10.7 £5.08 10.2+3.82
20 10.2+2.37 8.22+2.62 10.1+£4.04 9.50+3.23
30 10.4+3.04 8.63+2.33 9.50 +4.67 9.50 +3.56
40 10.6 +3.47 8.27+2.72 7.09+3.90 8.64 +3.69
50 10.2+2.96 870 £4.24 7.78 £4.81 8.88£4.19
75 10.3+3.46 8.53+3.26 7.09 +4.08 8.65+3.85
100 9.96 +3.40 859+4.14 7.26+4.51 8.60+4.19
200 9.72+2.87 6.40 +2.01 8.28+4.59 8.13+3.60
300 9.90 +2.85 6.58 + 2.41 8.28+4.85 8.25+3.78
500 8.31+3.03 560+ 1.16 7.52+3.94 7.15+3.16
750 7.02+1.77 5.68+1.35 6.00 + 2.67 6.27 +2.10
1000 6.94 +1.81 4.78+0.74 6.39+3.27 6.04+238
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Figure 4. The bi-exponentially signal decay curves obtained from the full combination and the 6-A and 6-C combinations in the major salivary glands. There
were few differences between the bi-exponential signal decay curves obtained from the full and 6-A and 6-C combinations

Figure 3 shows that statistically significant differenc-
es were observed in the parameters in some pairs of the
major salivary glands. The parotid sublingual, and sub-
mandibular glands are serous, mucus, and mixed types of
serous and mucus glands, respectively. Thus, the histologi-
cal difference might have caused statistically significant
differences in the parameters of the major salivary glands.

The f values for the submandibular gland in Figure 3
were significantly higher than those for the other 2 glands,
and the CV of D, D*, f, and ADC values in the major
salivary glands were high in Table 7 (25.0-43.1%, 64.0-
67.0%, 30.0-56.0%, and 25.2-46.0%, respectively). Addi-
tionally, the average SNR of each b-value was 6.04-10.2
in our study, which was almost similar to the critical SNR
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reported in a previous study on b-values of IVIM-DWI
optimized using Monte-Carlo simulations [3]. Moreover,
Verhappen et al. or Mikayama et al. reported that the sus-
ceptibility artefacts of EPI-DWI derived using magnetic
inhomogeneity cause image distortion in the head and
neck, and they may inhibit obtaining accurate measure-
ments of IVIM parameters and ADC [18,21]. Further-
more, the submandibular glands or the organs in proxim-
ity to the airway or jaw might be more sensitive to motion
artefacts for respirating or swallowing [22]. Slightly low
SNR, susceptibility artefacts, and motion artefacts might
have affected the measurement of each parameter in this
study. Thus, we speculated that the f values for the sub-
mandibular gland were significantly higher than those
for the other 2 glands, and the CV of D, D*, f, and ADC
values in the major salivary glands were high.

This study has several limitations. First, our study only
included young and normal volunteers, and the presence
of salivary gland tumours was not investigated. Second,
our study population was relatively small. Thus, future
studies with several volunteers and patients, including
both young and elderly individuals, should be conducted.

Optimal b-values in IVIM-DWI of major salivary glands

Third, EPI-DWI was used in the IVIM-DWTI of this study.
We suspect that distorted images due to magnetic inho-
mogeneity around the major salivary glands in EPI-DWI
affected the IVIM parameters and ADC in this study.
Hence, future studies using an imaging method such as
turbo spin echo (TSE)-DWI, which can cause few suscep-
tibility artefacts or minimal distortion in IVIM-DWTI, can
improve the evaluation of each parameter of the major
salivary glands.

Conclusions

IVIM-DWTI of the major salivary glands could be per-
formed using a minimum of 6 b-values. However, they
should contain 3 low and 3 high b-values. Moreover, pa-
tients could benefit from shortening the time in IVIM-
DWTI of the major salivary glands.
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