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PURPOSE

To compare the image quality, apparent diffusion coefficient (ADC), and intravoxel incoherent mo-
tion- (IVIM) derived parameters of IVIM imaging based on turbo spin-echo (TSE) and echo-planar
imaging (EPI) of patients with oral cancer and to assess the equivalence of the ADC and IVIM-de-
rived parameters.

METHODS

Thirty patients with oral cancer underwent TSE-IVIM and EPI-IVIM imaging using a 3.0-T system.
The distortion ratio (DR), signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), qualitative eval-
uations of image quality, ADC, pure diffusion coefficient (D), pseudo-diffusion coefficient (D*), and
perfusion fraction (f) were compared between the two sequences. The consistency of the quanti-
tative parameters in oral cancer between the TSE and EPI sequences was evaluated using a Bland-
Altman analysis.

RESULTS

TSE-IVIM had a significantly smaller DR than EPI-IVIM (P < 0.001). The CNR of EPI-IVIM on most of
the anatomical sites was significantly higher than that of TSE-IVIM (P < 0.05), while the SNR was not
significantly different (P > 0.05). TSE-IVIM had significantly higher image quality, less distortion and
artifacts, and lower image contrast compared with EPI-IVIM (P < 0.05). The lesion-edge sharpness
and diagnostic confidence of EPI-IVIM were lower than that of TSE-IVIM, although no significant
differences existed (P > 0.05). The ADC and D of TSE-IVIM had better reproducibility (intraclass cor-
relation coefficient > 0.9). Although no significant difference existed for the ADC and IVIM-derived
parameters of lesions between the two sequences (P > 0.05), wide limits of agreement were found
in the Bland-Altman plots.

CONCLUSION

TSE-IVIM could be used as an alternative technique to EPI-IVIM for patients with oral cancer because
of its better image quality. Furthermore, TSE-IVIM can provide more accurate quantitative parame-
ters. However, the quantitative parameters derived from the two IVIM techniques cannot be used
as equivalent parameters for patients with oral cancer.
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ral cancer has become the 16" most common malignancy worldwide, occurring com-
monly in men of middle or old age in developing countries, with squamous cell car-
cinomas accounting for more than 90% of cases.’? Diffusion-weighted imaging (DWI)
with apparent diffusion coefficient (ADC), which can estimate the diffusion movement of
water molecules and reflect the cellular density in tissues,*® has been widely and routinely
used in patients with oral cancer.”® However, there is often a failure to distinguish the diffu-
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sion of water molecules from the perfusion
of capillary blood when using ADC.° Multiple
b-value-based intravoxel incoherent motion
(IVIM) is an advanced DWI technique with
the parameters of perfusion fraction (f), pure
diffusion coefficient (D), and pseudo-diffu-
sion coefficient (D*), which can avoid perfu-
sion contamination and evaluate molecular
diffusion and blood perfusion effects sepa-
rately.”®"" Therefore, IVIM imaging is being
increasingly used for tumor detection, diag-
nosis, differential diagnosis, and prognostic
evaluation for oral cancer.’?

At present, single-shot echo-planar im-
aging (SS-EPI) is commonly applied for IVIM
sequences, with the advantages of a rapid
image acquisition speed and a relative insen-
sitivity to motion.”® Nevertheless, because
of the complex structure of many air-bone
boundaries and the presence of metallic
dental implants in the head and neck, signal
loss and geometric distortion are commonly
found with SS-EPI due to the susceptibility
artifacts and chemical shift artifacts in the
phase-encoding direction,'*'* which may re-
sult in a deterioration of image quality and
a reduction in the diagnostic confidence of
oral lesions. Alternatively, the single-shot tur-
bo spin-echo (SS-TSE) uses multiple radiofre-
quency (RF) refocusing pulses, resulting in
less susceptibility to artifacts and geometric
distortions.'® However, it commonly has the
disadvantages of a lower signal-to-noise ra-
tio (SNR) and a longer acquisition time."”

Recently, TSE-DWI sequences in 3-T mag-
netic resonance imaging (MRI) can shorten
the scan time and obtain a higher SNR and
less blurring through the reduction of echo
space with the adoption of an appropriate RF
pulse shape.’® Some studies have reported
that TSE-DWI had better image quality than
EPI-DWI in breast cancer,” pulmonary le-
sions,' and orofacial lesions.'*?° In addition, a
preliminary study compared the image qual-

* Turbo spin-echo (TSE)- intravoxel incoher-
ent motion (IVIM) had better image quality
in the oral and maxillofacial regions and
could be used as an alternative technique to
echo-planar imaging (EPI)-IVIM for patients
with oral cancer.

* TSE-IVIM can provide more accurate param-
eter values, especially for the apparent diffu-
sion coefficient and D values.

* The quantitative parameters acquired from
TSE-IVIM and EPI-IVIM imaging cannot be
used as equivalent parameters for the diag-
nosis and follow-up of oral cancer.

ity and the quantitative parameters derived
from IVIM between the two IVIM sequences
in a group of healthy volunteers’ head and
neck regions.’ However, to our knowledge,
comprehensive evaluation (including quan-
titative and qualitative) of image quality and
comparisons of ADC, D, D*, and f between
TSE-IVIM and EPI-IVIM in both oral lesions
and normal anatomies of the head and neck
have not been reported.

Thus, in this study, we evaluated and com-
pared the geometric distortion, SNR, con-
trast-to-noise ratio (CNR), image quality, and
ADC and IVIM-derived parameters in normal
anatomies and oral lesions of TSE-IVIM and
EPI-IVIM. The purpose of this study was to
demonstrate whether TSE-IVIM can become
an alternative technique to EPI-IVIM for pa-
tients with oral cancer and to determine the
equivalence of these quantitative parame-
ters.

Methods

Patients

The Ethics Committee of Sun Yat-Sen Me-
morial Hospital, Sun Yat-Sen University (SY-
SEC-KY-KS-2022-029; 2022.01.19) approved
this prospective study, and signed informed
consent was given by all subjects. Patients
with oral cancer requiring MR examination of
the head and neck region prior to operation
between May 2021 and December 2021 were
included in our study. The exclusion criteria
were as follows: (1) patients who had under-
gone a lesion biopsy before MRI; (2) patients
who had a resection of the parotid gland,
submandibular gland, or tongue; (3) patients
who had contraindications for MR examina-
tions that would affect the examination; or
(4) patients in the early stage of pregnancy
(less than 3 months). Finally, 30 patients, 19
(63.33%) males and 11 (36.67%) females,
were included in this study. The mean age
was 54 = 10 years. Among them were 18
(60.00%) tongue carcinomas, 3 (10.00%) oral
floor carcinomas, 3 (10.00%) gingiva carcino-
mas, 2 (6.67%) buccal carcinomas, 2 (6.67%)
palate carcinomas, 1 (3.33%) oropharyngeal
carcinoma, and 1 (3.33%) tonsil carcinoma.

Imaging protocol

All patients underwent MR examination
using a 3-T MR system (Ingenia Digital Net-
work Architecture 3.0 T, Philips Healthcare,
Best, the Netherlands) with a 20-channel
head and neck coil. SS-TSE- and SS-EPI-based
IVIM sequences were executed consecutively
in each examination. We used the same scan-

ning parameters for the two IVIM sequences
as far as it was feasible. In addition, 12 b val-
ues of 0, 20, 30, 50, 80, 100, 200, 500; 1,000;
1,500; 2,000, and 2,500 s/mm? were applied
to the two IVIM sequences. The phase-en-
coding direction of both sequences was hor-
izontal [left-right (LR)]. The scanning param-
eters of the two IVIM sequences and T2WI are
shown in Table 1.

Data analysis

Image quality

Two experienced radiologists (S.G.Z. and
D.X.H., with 6 and 10 years’ experience in
head and neck radiology, respectively), who
were blinded to the scanning sequences
and clinical information, independently per-
formed quantitative and qualitative evalua-
tions of the images’ quality. The axial images
of TSE-IVIM and EPI-IVIM with b = 1,000 s/
mm?2were selected and analyzed.

For the quantitative evaluation of image
distortion, we calculated the distortion ra-
tio (DR) at the level of the oral floor on the
axial images of two IVIM images in compar-
ison with that of axial TSE-T2WI images. We
selected a representative slice level of the
oral floor and displayed the TSE-IVIM, EPI-
IVIM, and TSE-T2WI images on the same lay-
er. Then, the LR width and anterior—posterior
(AP) length of the whole image on transverse
sections were measured on these three se-
quences. The DR was defined as the follow-
ing equation:

DR=|A:TBIX100%, (1)

where A is the anteroposterior or trans-
verse diameter of the IVIM image and B is the
anteroposterior or transverse diameter of the
TSE-T2WI image. The DRs in both the LR and
AP direction were calculated respectively.

The SNR and CNR were calculated for sev-
eral normal anatomies and lesions on two
kinds of IVIM images. The circular regions
of interest (ROI) were placed in the bilater-
al parotid glands, bilateral submandibular
glands, soft palate, tongue, oral floor, buccal
mucosa soft tissue, lesion, and the muscles
close to each organ, and the size of the ROIs
was about 50 pixels. The mean and standard
deviation (SD) of the signal intensity (SI) in
each ROI were recorded. All ROIs of normal
anatomical sites were delineated to avoid
blood vessels, gland ducts, and lesions. For
the measurements of CNR, adjacent muscles
were used as the reference tissue. The SNR
and CNR of each ROI were calculated as the
following equations:
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SNR = SI,/SD, , 2)
CNR = ISIa - SImuscleI/SDmuscle ’ (3)

where SI_and SD, represent the mean
and SD of the Sl in the normal anatomies or
lesions,and SI_  and SD_ _represent the
mean and SD of the Sl in the adjacent mus-
cles. 20

A 5-point scale was applied to qualita-
tively assess image quality, including image
distortion, lesion-edge sharpness, image
contrast, artifacts, overall image quality, and
diagnostic confidence. Image distortion was
recorded as follows: 1 = severe; 2 = obvious;
3 = moderate; 4 = slight; and 5 = no image
distortion. Lesion-edge sharpness and image
contrast for a normal anatomy were evaluat-
ed as follows: 1= unreadable; 2 = doubtful;
3 = moderate; 4 = good; and 5 = obvious.
Chemical shift artifacts and susceptibility
artifacts were evaluated, respectively, as fol-
lows: 1 = artifacts occur in the lesion and af-
fect diagnosis; 2 = artifacts occur in more
than three regions but do not affect the di-
agnosis; 3 = artifacts occur in three regions
and do not affect the diagnosis; 4 = artifacts
occur in less than three regions and do not
affect the diagnosis; and 5 = almost no arti-
facts. Diagnostic confidence and overall im-
age quality were scored as follows: 1 = not
diagnostic; 2 = poor; 3 = moderate; 4 = good;
and 5 = excellent.

ADC and quantitative parameters derived
from IVIM

The ADC maps for this study were recon-
structed using IntelliSpace Portal (version

9.0, Philips Healthcare), and the IVIM-de-
rived parameter maps were generated by
MITK-Diffusion (German Cancer Research
Center, Germany).

Two radiologists delineated the ROIs in
the bilateral parotid glands, bilateral sub-
mandibular glands, soft palate, tongue, oral
floor, fat, muscle, and lesions on the ADC, D,
D*, and f maps. The ROI of fat was set in the
buccal area at the level of the tongue, and
the sternocleidomastoid at the same level
was designated as the ROI of the muscle. The
ROIs were delineated to the maximum possi-
ble sizes to avoid blood vessels, gland ducts,
and lesions. The ADC values were measured
on each ADC parameter map by placing cir-
cular regions of multiple anatomical struc-
tures and lesions. A biexponential fit model
was applied to calculate D, D*, and f accord-
ing to a previous study.”

Statistical analysis

MedCalc (version 20.0, Mariakerke, Bel-
gium) and SPSS (Version 25.0, IBM Corpo-
ration) software were used for all statistical
analysis, with P < 0.05 representing statisti-
cal significance. Normally distributed data
are expressed as mean + SD, non-normally
distributed data are displayed as median
(minimum-maximum), and categorical
variables are presented as frequencies with
percentages. The qualitative evaluations
and parameters of TSE-IVIM and EPI-IVIM
were compared by using a paired Student’s
t-test and the Wilcoxon signed rank test.
Interobserver agreement for continuous
variables was estimated using the intraclass
correlation coefficient (ICC). The levels of
interobserver agreement were assessed as

Table 1. The scanning parameters of T2WI, SS-TSE-IVIM, and SS-EPI-IVIM

T2WI SS-TSE-IVIM SS-EPI-IVIM
TR/TE (ms) 2906/90 4488/89 5037/81
FOV (mm?) 230230 230 % 230 230 % 230
Matrix size 252 x 160 92 x 92 92 x 92
Voxel size (mm) 0.79 x 1.44 25x%x2.5 25%25
Reconstruction voxel size (mm) 0.53 x0.53 0.96 x 0.96 0.8x0.8
SENSE factor / 3.5 3.5
TSE/EPI factor 20 (TSE) 53 (TSE) 23 (EPI)
Slice thickness (mm) 5 5 5
Interlayer spacing (mm) 0.5 1 1
Flip angle 90° 90° 90°
Bandwidth (Hz/pixel) 698.6/0.6 652.7/0.7 68.0/6.4
NSA 2 2 2
Acquisition time 1min38s 10 min 55 s 10min19s

IVIM, intravoxel incoherent motion; SS-TSE, single-shot turbo spin echo; SS-EPI, SS echo-planar imaging; TR,
repetition time; TE, echo time; FOV, field of view; NSA, number of signal averaged.
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follows: 0-0.50 = poor, 0.51-0.75 = mod-
erate, 0.76-0.90 = good, and 0.91-1.00 =
excellent.”” Additionally, the interobserver
agreement of categorical variables was as-
sessed using Kappa statistics: poor (0-0.20),
fair (0.21-0.40), moderate (0.41-0.60), good
(0.61-0.80), and excellent (0.81-1.00)."® Fur-
thermore, the consistency of the qualitative
parameters of lesions between the two IVIM
sequences was evaluated using a Bland-Al-
tman analysis with 95% limits of agreement
(LoA).

Results

Comparison of distortion ratio

The interobserver agreement of DRs was
good (P < 0.05). The ICCs of DRs in the direc-
tion of LP and AP were 0.819 (TSE-IVIM) and
0.764 (EPI-IVIM), and 0.819 (TSE-IVIM) and
0.779 (EPI-IVIM), respectively. The mean DRs
in the LR direction in TSE-IVIM and EPI-IVIM
were 11.4% + 5.1% and 15.1% + 5.2%, and
the mean DRs in the AP direction in TSE-IVIM
and EPI-IVIM were 9.93% + 2.65% and 11.8%
+ 2.65%, respectively. Compared with EPI-
IVIM, the DRs in both directions were signifi-
cantly lower in TSE-IVIM (P < 0.001) (Figure
1), and the difference was more significant in
the direction of LR, which was the phase-en-
coding direction.

Comparison of SNR and CNR

The SNR values showed good agreement
between the two observers (ICC: 0.825 in
TSE-IVIM and 0.829 in EPI-IVIM, P < 0.05), and
the CNR values showed good to excellent
agreement (ICC: 0.962 in TSE-IVIM and 0.873
in EPI-IVIM, P < 0.05). As shown in Table 2,
no significant differences in SNR existed be-
tween the two IVIM sequences (P > 0.05) in
the normal anatomical sites and the lesions.
However, EPI-IVIM had significantly higher
CNRs in the tongue, oral floor, buccal muco-
sa soft tissue, parotid glands, submandibular
glands, and lesion compared with TSE-IVIM
(P < 0.05), while no significant difference of
the CNRs in the soft palate was found be-
tween the two IVIM techniques (P = 0.417).

Comparison of qualitative evaluations

Moderate to excellent interobserver
agreements of the qualitative evaluations
were obtained (P < 0.05). The Kappa values
were 0.783 (TSE-IVIM) and 0.684 (EPI-IVIM)
for image distortion, 0.896 (TSE-IVIM) and
0.906 (EPI-IVIM) for lesion-edge sharpness,
0.563 (TSE-IVIM) and 0.604 (EPI-IVIM) for im-
age contrast, 0.851 (TSE-IVIM) and 0.819 (EPI-
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IVIM) for diagnostic confidence, 0.873 (TSE-
IVIM) and 0.907 (EPI-IVIM) for chemical shift
artifacts, 0.750 (TSE-IVIM) and 0.634 (EPI-
IVIM) for susceptibility artifacts, and 0.561
(TSE-IVIM) and 0.648 (EPI-IVIM) for overall im-
age quality. The mean scores of the qualita-
tive evaluations of image quality on TSE-IVIM
and EPI-IVIM are shown in Figure 2. TSE-IVIM
had significantly less image distortion, chem-
ical shift artifacts, and susceptibility artifacts
than EPI-IVIM (P < 0.001). The lesion-edge
sharpness and diagnostic confidence of EPI-
IVIM were lower than for TSE-IVIM, although
no significant differences existed (P > 0.05).
EPI-IVIM had significantly higher image con-
trast than TSE-IVIM (P < 0.05), although TSE-
IVIM had significantly higher overall image
quality than EPI-IVIM (P < 0.001). Representa-
tive IVIM images are presented in Figures 3, 4.

Comparison of ADC and quantitative pa-
rameters derived from IVIM

The ICCs of ADC and IVIM-derived pa-
rameters in the normal anatomical sites and
lesions on TSE-IVIM and EPI-IVIM are shown
in Table 3. Good to excellent interobserver

a left-right

304
254 —— p<0.001

204

15
10+

DR(%)

TSE-IVIM

EPI-IVIM

agreement was found for ADC, and the in-
terobserver agreement for TSE was similar to
that for EPl. The interobserver agreement of D
was moderate to excellent, and the interob-
server agreement of TSE was better than that
of EPI. The measurement consistency of D*
and f was relatively poor. The interobserver
agreement for D* was moderate to good,
and no obvious difference existed between
TSE and EPI. The interobserver agreement for
f was moderate to excellent, and no obvious
difference existed between TSE and EPI.

Table 3 summarizes the mean ADC, D, D¥,
and fvalues derived from the two IVIMs. No
significant differences in the values of ADC,
D, D*, and f were found in lesions and fat (P
> 0.05). The ADC values of the right parot-
id gland, right submandibular gland, and
oral floor were not significantly different
between the two sequences (P > 0.05). The
ADC values of the soft palate in EPI-IVIM were
lower than those in TSE-IVIM (P = 0.033). In
addition, EPI-IVIM had higher ADC values
than TSE-IVIM in other parts (P < 0.05). The
D values of the tongue and oral floor were
not significantly different between the two

b

anterior-posterior

30-
254 p<0.001
20
S
¥ 159 |
10
B —1
5..
TSE-IVIM EPI-IVIM

Figure 1. Box-and-whisker plots for the distortion ratios (DRs) of turbo spin-echo intravoxel incoherent
motion (TSE-IVIM) and echo-planar imaging (EPI) IVIM. The DRs of the (a) left-right width and (b)
anterior—-posterior length were significantly lower in the images of TSE-IVIM than in those of EPI-IVIM

(P <0.001 by paired Student’s t-test).

Table 2. The SNR and CNR on TSE-IVIM and EPI-IVIM

sequences (P > 0.05). The D values of EPI-
IVIM were higher than those of TSE-IVIM in
other parts except the soft palate, which was
lower in EPI-IVIM (P < 0.05). The D* values of
the parotid glands, soft palate, and muscle in
TSE-IVIM and EPI-IVIM were not significant-
ly different (P > 0.05). However, in the other
parts, D* of EPI-IVIM exhibited higher values
than for TSE-IVIM (P < 0.05). The f values for
the oral floor, submandibular glands, and pa-
rotid glands were not significantly different
between the two sequences (P > 0.05). The
f values of the soft palate and tongue were
higher for TSE-IVIM than EPI-IVIM, while the f
values of muscle were higher for EPI-IVIM (P
< 0.05).

As shown in Figure 5, the Bland-Altman
plots exhibit a consistency in the quantita-
tive parameters for lesions between the two
IVIM sequences. The 95% LoAs were —1.12 to
1.53 for ADC, —0.84 t0 0.70 for D, -32.0to 31.7
for D¥, and —27.5 to 27.8 for f. No fixed biases
between the two sequences were found re-
garding ADC (P=0.107), D (P=0.341),D* (P=
0.949), or f(P=0.952) values for lesions. How-
ever, the 95% LoAs shown in the plots were
wide between TSE-IVIM and EPI-IVIM.

Discussion

Our results demonstrated that TSE-IVIM
had significantly less image distortion,
chemical-shift artifacts, and susceptibility ar-
tifacts than EPI-IVIM in patients with oral can-
cer. TSE-IVIM had better lesion-edge sharp-
ness and higher diagnostic confidence than
EPI-IVIM, although no statistical differences
existed. SNR had no significant differences,
while EPI-IVIM had significantly higher CNR
on most anatomical structures and lesions
in comparison with TSE-IVIM, indicating that
EPI-IVIM had significantly higher image con-
trast than TSE-IVIM. On the whole, TSE-IVIM

SNR (n =30) CNR (n =30)

TSE-IVIM EPI-IVIM P TSE-IVIM EPI-IVIM P
Parotid gland (L) 8.9 (5.3-19.9) 9.2 (6.2-24.7) 0.072 1.9(0.3-7.2) 4.3(0.2-20.2) 0.004
Parotid gland (R) 9.0 (4.4-16.0) 8.3(3.8-18.7) 0.165 2.1(0.1-11.1) 4.9 (0.3-35.6) 0.003
Submandibular gland (L) 9.1 (5.9-19.1) 8.0 (4.9-19.9) 0.309 4.4(0.2-17.9) 7.0(1.5-29.2) <0.001
Submandibular gland (R) 9.8 (5.8-23.2) 9.4 (5.1-28.2) 0.673 3.4 (0.3-15.5) 6.4 (0.2-29.5) <0.001
Soft palate 6.3 (4.0-12.7) 7.2 (3.0-12.7) 0.734 5.5(1.5-12.3) 4.9 (0.5-14.8) 0.417
Tongue 7.7 (4.0-13.1) 7.8 (3.5-16.4) 0.098 3.1(0.2-6.9) 5.0 (1.1-10.8) 0.002
Oral floor 8.2 (3.9-15.6) 6.7 (4.5-10.8) 0.185 1.2(0.2-7.2) 3.9(0.2-25.8) <0.001
Buccal mucosa soft tissue 9.0 (3.5-12.7) 7.6 (3.9-12.5) 0.199 0.8 (0.2-15.5) 1.3(0.1-19.8) 0.047

Lesion

10.6 (6.9-36.0)

10.8 (4.1-32.5) 0.517

13.1(1.5-70.9)

16.2 (1.5-109.7) 0.037

Data are presented as median (minimum-maximum). IVIM, intravoxel incoherent motion; TSE, turbo spin echo; EPI, echo-planar imaging; SNR, signal-to-noise ratio; CNR, contrast-

to-noise ratio.
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had better overall image quality than EPI-
IVIM. The ADC and D values showed good
interobserver agreement, while the mea-
surement consistency of D* and f was poor.
Moreover, TSE-IVIM exhibited higher mea-
surement consistency of ADC and D than
EPI-IVIM. Additionally, although no fixed
bias existed for the ADC, D, D*, and f values
of lesions between the two sequences, the
Bland-Altman plots showed wide 95% LoAs.

Clinically, SS-EPI is the most commonly
used technique for IVIM sequences. How-

ever, artifacts and geometric distortions in
EPI-IVIM are usually prominent in patients
with oral cancer because of the presence of
air-tissue interfaces or metallic implants in
the oral and maxillofacial region, which may
negatively impact on the reproducibility and
reliability of IVIM and the derived quanti-
tative parameters.’® Theoretically, artifacts
and geometric distortions in EPI sequences
are prone to arise in the phase-encoding
direction because of the acquisition of each
echo at a different echo time and the accu-
mulation of phase errors caused by rotating

= TSE-IVIM
@l EPI-IVIM

Overall image quality

] p<0.001

Diagnostic confidence

:|p=04071

Susceptibility artifacts

] p<0.001

Chemical shift artifacts

J p<0.001

Image contrast

] p=0.003

Lesion edge sharpness

J p=0.064

Image it Jpro0

T
0 1

T 1
3 4 5

Figure 2. Bar chart showing the mean scores of qualitative evaluations of image quality for turbo spin-echo
intravoxel incoherent motion (TSE-IVIM) and echo-planar imaging (EPI) IVIM images. The P values acquired
using Wilcoxon’s signed rank test are shown on the right side for comparison of the two sequences.

Figure 3. (a) T2WI fat-suppressed, (b) turbo spin-echo intravoxel incoherent motion (TSE-IVIM) b1000,
and (c) echo-planar imaging (EPI) IVIM b1000 of a 58-year-old man with squamous cell carcinoma on the
left tongue edge. The lesion on (b) TSE-IVIM b1000 is shown in accordance with (a) T2WI fat-suppressed.
However, obvious geometric distortion of lesion (arrowheads) is seen on (c) EPI-IVIM b1000 compared with

that on (b) TSE-IVIM b1000.

Figure 4. (a) T2WI fat-suppressed, (b) turbo spin-echo intravoxel incoherent motion (TSE-IVIM) b1000, and
(c) echo-planar imaging (EPI) IVIM b1000 of a 54-year-old female with squamous cell carcinoma on the right
half of the tongue. (c) EPI-IVIM b1000 has more susceptibility artifacts (arrowheads), which affect the display
of some parts of the lesion, in comparison with (b) TSE-IVIM b1000. However, the lesion in (c) EPI-IVIM b1000
shows higher contrast than that in (b) TSE-IVIM b1000.
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protons without RF refocusing pulses. In con-
trast, TSE sequences acquire multiple echoes
at each excitation and apply RF refocusing
pulses to reduce magnetic field inhomoge-
neity and avoid the accumulation of phase
errors; hence, TSE sequences usually have
less image distortion, chemical shift artifacts,
and susceptibility artifacts than EPI sequenc-
es.!*'® In our study, TSE-IVIM showed better
image quality on account of lower levels of
image distortion and artifacts than EPI-IVIM,
which was in agreement with previous stud-
ies on the head and neck region'??? and
the whole body.”® The artifacts within and
around the lesions in EPI-IVIM images could
reduce the lesion-edge sharpness and diag-
nostic confidence for oral cancer. Therefore,
the reduction of image distortion and arti-
facts using TSE-IVIM may facilitate a better
diagnostic confidence for oral cancer.

As for SNR and CNR, previous studies
have shown that TSE-DWI had inherently
lower SNR in comparison with EPI-DWI as a
result of multiple RF refocusing pulses.’>?>2
Nevertheless, some studies had opposite re-
sults, with significantly higher SNR and CNR
occurring in TSE-DWI compared with in EPI-
DWI.%2' Shorter RF pulses owing to the ad-
justment of RF pulse shape can contribute to
higher SNR and less blurring in TSE-DWI. In
the present study, IVIM and EPI-IVIM showed
similar SNRs; this is different to the afore-
mentioned studies but consistent with some
reports that showed both sequences had
comparable SNRs in the lung.'** However,
EPI-IVIM had higher CNR in comparison with
TSE-IVIM in our study, which was oppositive
to the reports in previous studies.?*?' These
differences might have resulted from the
higher noise (SD value) of TSE-IVIM in com-
parison with that of EPI-IVIM in our study.
Various parameters of image acquisition,
including the voxel size, receiver bandwidth,
and number of signal averaged (NSA), can
affect image noise.?*?” In our study, the vox-
el size and NSA of the two sequences were
the same, while the TSE-IVIM sequence had
an obviously wider bandwidth (932.4 Hz/
pixel) than EPI-IVIM (10.6 Hz/pixel). The wid-
er bandwidth in TSE-IVIM leads to greater
image noise.?* In contrast, the bandwidth
of TSE-IVIM in previous studies was small-
er than that seen in EPI-IVIM, thus inducing
the lower noise of TSE-IVIM.2**" According to
the formulae of SNR and CNR in our study,
the higher Sl and the higher level of noise in
TSE-IVIM resulted in a similar SNR to that of
EPI-IVIM, and the larger amount of noise of
the adjacent muscles used as the reference
tissue led to a lower CNR in TSE-IVIM.
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Table 3. The ADC and IVIM-derived parameters and their ICCs on TSE-IVIM and EPI-IVIM

=30)

f(%) (n

30)
EPI-IVIM (ICC)

40.74 £ 12.95
(0.721%)

D* (x1073 mm?/s) (n
TSE-IVIM (ICC)
44,02 +13.82
(0.840%)

=30)

D (x107> mm?/s) (n
TSE-IVIM (ICC)
0.30+0.13
(0.943%)

=30)

ADC (X107 mm?/s) (n
TSE-IVIM (ICC)
1.38+£0.62

(0.990%)

EPI-IVIM (ICC)
2422 +5.78
(0.621%)

TSE-IVIM (ICC)
22.49 +5.49
(0.751%)

P

P

EPI-IVIM (ICC)

0.45£0.11

P

EPI-IVIM (ICC)
1.56 £ 0.52
(0.991%)

0318

0.262

<0.001

(0.678%)

0.017

Parotid gland (L)

0.165

28.37 £6.65
(0.732%)

25.77 £7.84
(0.692%)

0.079

49.65 = 18.80
(0.763%)

42,62 +15.94
(0.745%)

0.001

0.33+0.14
(0.660%)

0.28+£0.14
(0.938%)

0.441

1.78£1.91
(0.995%)

1.36 £ 0.67
(0.994%)

Parotid gland (R)

0.052

30.91 £8.52

(0.812%)

34.25+10.46
(0.736%)

36.87 +£11.67 0.047

(0.732%)

31.76 £9.19
(0.835%)

0.60+0.26 <0.001

(0.927%)

0.41+0.17
(0.947%)

0.001

2.01+£0.58
(0.987%)

1.74 £ 0.62
(0.994%)

Submandibular gland

(8]

0.079

3236+ 10.57
(0.692%)

35.82+£8.16
(0.910%)

0.001

39.46 £ 16.20
(0.639%)

25.73+£8.14
(0.751%)

<0.001

0.62+0.18
(0.891%)

0.43 +£0.14
(0.873%)

0.162

2.01 +£0.56
(0.997%)

1.88 +0.67
(0.994%)

Submandibular gland

(R)

0.032

26.04 + 8.44
(0.771%)

29.31+£8.95
(0.730%)

0.959

57.45 +15.36
(0.566%)

56.77 £19.16
(0.826*)

0.016

0.30+0.17
(0.927%)

0.34+0.12
(0.918%)

0.033

1.41£0.50 1.18 £0.48
(0.995*)

(0.996*)

Soft palate

0.002

2440 +8.30
(0.548%)

29.67 £ 6.23
(0.751%)

<0.001

60.52 + 19.05
(0.623%)

43.99 + 15.82

0.16£0.13
0.067 (0.818%)

(0.896%)

0.19£0.12
(0.843%)

1.04 + 0.54 0.73£0.52
(0.965%) <0.001

(0.977%)

Tongue

0.159

27.94 £ 8.40
(0.859%)

29.81+6.84
(0.650%)

<0.001

55.03 £ 19.09
(0.869%)

40.93 £ 13.74
(0.769%)

0.417

0.20+0.16
(0.901%)

0.14 + 0.06
(0.936%)

1.02 £ 0.46 0178

(0.993*%)

0.92+0.37
(0.992%)

Oral floor

0.750

16.56 £ 7.45
(0.916%)

16.39 +£5.05
(0.662%)

0.719

72.08 +£17.79
(0.868%)

74.98 + 11.54
(0.602%)

0.276

0.08+0.05
(0.672%)

0.06 + 0.02
(0.844%)

0.19+0.11 0.18£0.15
(0.976%) 0.168

(0.978%)

Fat

0.001

25.29+5.80
(0.741%)

19.69 + 6.65
(0.722%)

0.644

60.21 + 15.90
(0.706%)

62.27 +17.68

0.11 £0.08 0.21£0.11 <0.001
(0.906*) (0.772%) ’ (0.611%)

<0.001

0.84£0.51
(0.892%)

0.39+0.27
(0.922%)

Muscle

0.600

26.91 +10.36
(0.861%)

27.07 £11.17
(0.762%)

0.894

29.70+13.83

(0.816%)

29.52 + 14.09

(0.812%)

*P < 0.05. Data are presented as mean + standard deviation. ICC, intraclass correlation coefficient; IVIM, intravoxel incoherent motion; TSE, turbo spin echo; EPI, echo-planar imaging; ADC, apparent diffusion coefficients; D, pure diffusion

coefficients; D*, pseudo-diffusion coefficient; f, perfusion fraction.

0.376

0.73£0.35
(0.595%)

0.66 +£0.19
(0.916%)

0.086

2.16 £ 0.80
(0.977%)

237 +£0.88
(0.983%)

Lesion

In terms of the reproducibility of ADC, D, D*, and f,
we found that the interobserver agreements for ADC
and D were satisfactory, indicating that ADC and D
were robust parameters in the head and neck region,
while D* and f had relatively poor reproducibility and
high observer variability based on the lower ICC in
both the TSE and EPI sequences, which was in accor-
dance with many previous studies.?®3' Additionally, in
our study, the ADC and D values of TSE-IVIM showed
higher measurement consistency than those of EPI-
IVIM, especially the D values. This result indicated
that TSE-DWI had higher interobserver agreement of
ADC and D in comparison to EPI-DWI, similar to some
previous studies.'*? TSE-IVIM was prone to decreased
measurement errors, which may be on account of
fewer geometric distortions and susceptibility arti-
facts, thus impairing interobserver accordance for
ADC and D."

In addition, our results showed that the values of D,
D*, f, and ADC derived from the two sequences were
not completely identical. TSE-IVIM and EPI-IVIM had
comparable D, D¥, f, and ADC values only in lesions and
fat. However, no significant differences of certain pa-
rameters in some normal anatomical structures existed
between TSE-IVIM and EPI-IVIM, which was in line with
a previous study.?' Furthermore, based on the absence
of significant differences for IVIM-derived parameters
in lesions between TSE-IVIM and EPI-IVIM, a Bland-Al-
tman analysis of TSE-IVIM and EPI-IVIM was performed
in our study; it demonstrated that the parameters of le-
sions derived from TSE-IVIM and EPI-IVIM had no fixed
bias, yet the 95% LoAs were wide, suggesting that the
LoAs in lesions between the two sequences were un-
acceptable, similar to some previous results.*' Wan
et al." reported that the 95% LoAs of ADC and D were
up to 60% and 62%, respectively, between EPIl and TSE
in pulmonary neoplasms. Mikayama et al.?" also found
wide 95% LoAs for ADC, D, and f in the normal anat-
omy of the head and neck. A number of reasons may
explain these differences and the wide 95% LoAs be-
tween TSE-IVIM and EPI-IVIM. First, the independent
ROI delineation of both sequences might result in such
differences. Although we attempted to draw the ROIs
at the same level with the same size as much as possi-
ble, the two ROIs drawn for the two different sequenc-
es unavoidably had some differences in terms of size
and exact position.?? Second, geometric distortions
caused by susceptibility artifacts observed within the
tumor region in the EPI sequence will negatively im-
pact the measurement precision of diffusion parame-
ters.? Finally, these parameters can also be influenced
by image noise, which may decrease with the increase
of image noise.® Therefore, D, D*, f, and ADC derived
from IVIM based on TSE and EPI cannot be regarded
as equivalent parameters for the differential diagnosis
and efficacy evaluation of oral cancer.

The present study has some limitations. First, the
scanning parameters of the two sequences were not
identical; for example, TSE-IVIM and EPI-IVIM used
different receiver bandwidths. However, the two se-
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Figure 5. Bland-Altman plots for (a) apparent diffusion coefficient (ADC), (b) diffusion coefficient (D), (c)
pseudo-diffusion coefficient (D*), and (d) perfusion fraction (f) of turbo spin-echo intravoxel incoherent
motion (TSE-IVIM) and echo-planar imaging IVIM in the lesions. Continuous blue lines indicate mean
differences, and dotted red lines indicate 95% limits of agreement (LoA). There were no fixed biases between

the two sequences. However, the 95% LoAs were wide.

quences had similar scanning times in our
study, although the scanning time for TSE-
DWI is longer in clinical practice. Second, the
acquisition time was relatively long in this
study, lasting more than 10 minutes in both
sequences. We used 12 b values in both IVIM
sequences. In spite of the improvement in
accuracy for IVIM-derived parameters using a
large number of b values, it significantly pro-
longed the scanning time, resulting in more
motion artifacts, and it is not clinically appli-
cable for limited imaging time. Nevertheless,
no obvious motion artifacts were detected
for either TSE-IVIM or EPI-IVIM in this study.
Third, the data we acquired with a 3-T system
cannot be extrapolated to 1.5-T systems. On
account of the difference in magnetic field
strength, 1.5-T MRI scanners have less mag-
netic susceptibility artifacts and magnetic
field inhomogeneity compared with 3-T
scanners.® This indicates that the advantage
of TSE-DWI having less susceptibility artifacts
and geometric distortions may be less signif-
icant when used with 1.5-T systems. Accord-
ingly, further research comparing MRI scan-
ners with different magnetic field strengths
is necessary.

In conclusion, TSE-IVIM in the oral and
maxillofacial regions provides better image

quality with less geometric distortion and
fewer artifacts than EPI-IVIM. Thus, TSE-IVIM
could be used as an alternative technique to
EPI-IVIM in patients with oral cancer, espe-
cially in those with metallic implants prone
to producing artifacts. Furthermore, ADC
and D derived from TSE-IVIM have good re-
producibility, indicating that TSE-IVIM can
provide more accurate parameter values.
However, the D, D*, f,and ADC values derived
from IVIM based on the two sequences can-
not be used as equivalent parameters for the
diagnosis and follow-up of oral cancer.
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