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Application of Cardiac Gating to Improve the Reproducibility
of Intravoxel Incoherent Motion Measurements
in the Head and Neck

Koung Mi Kang"?, Seung Hong Choi'**', Dong Eun Kim?®, Tae Jin Yun'?,
Ji-hoon Kim"?, Chul-Ho Sohn!-, and Sun-Won Park®

Purpose: To prospectively evaluate whether cardiac gating can improve the reproducibility of intravoxel
incoherent motion (IVIM) parameters in the head and neck, we performed IVIM diffusion-weighted
imaging (DWI) using 4 b values (4b), 4 b values with cardiac gating (4b gating) and 17 b values (17b).

Methods: We performed IVIM DWTI twice per person on nine healthy volunteers using 4b, 4b gating and
17b and five patients with head and neck masses using 4b gating and 17b. The ADC, perfusion fraction (f),
diffusion coefficient (D) and perfusion-related diffusion coeflicient (D*) were calculated in the brain, masti-
cator muscle, parotid gland, submandibular gland, tonsil and masses. Intraclass coefficient (ICC), Bland-
Altman analysis (BAA) and coefficient of variation (CV) were used to assess short-term test-retest
reproducibility. Kruskal-Wallis test and Mann-Whitney test were used to investigate whether 4b, 4b gating
or 17b had significant influences on the parameters.

Results: For normal tissues and masses, ICC was excellent for all maps except the D* map. All parameters showed
the lowest CV in the 4b gating. BAA also revealed the narrowest 95% limits of agreement using 4b gating for all
parameters. In the subgroup analysis, almost all parameters in brain, muscle, parotid gland and submandibular
gland showed the best reproducibility using 4b gating. In the muscle, parotid gland and submandibular gland, the
values of ADC, fand D were not significantly different between among the three methods.

Conclusion: 4b gating was more reproducible with respect to measurements of IVIM parameters in com-
parison with 4b or 17b.
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Introduction

Recently, intravoxel incoherent motion (IVIM) theory has
been an active area of research with regard to head and neck
masses as a non-contrast enhanced perfusion and diffusion
MR imaging technique.'”> Because IVIM analysis can
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separate the effects of diffusion and perfusion,® previous
studies in the head and neck have demonstrated that IVIM
parameters are important biomarkers. For example, IVIM
parameters can be used as predictive indicators of tumor
staging of nasopharyngeal carcinomas,’ therapy monitoring,*
and prediction of treatment outcomes.®

An important part of the IVIM diffusion-weighted imaging
(DWI) acquisition is the choice of b values, which control the
intensity of the bipolar gradient pulses and define the degree of
diffusion weighting in the acquired signal.” Thus far, there is
no consensus on the number and magnitude of b values that
should be applied for clinical measurements. The number of b
values used for [IVIM DWI varies among studies and ranges
from 4 to more than 10.'° Four is the minimum number of b
values to characterize biexponential signal attenuation for four
fitted parameters. Although using more b values has been pre-
dicted to provide more support for the estimates and correct
the fitting error of a biexponential curve, there is a time limita-
tion related to acquiring images. In addition, a large number of
b values can make the scan vulnerable to motion artifacts.
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Optimization of a protocol and a robust estimation of
diffusion and perfusion properties are important for achieving
the best diagnostic performance of IVIM DWI. However,
there is limited knowledge on the reproducibility of IVIM
parameters in the head and neck. Furthermore, there are very
limited data regarding the performance of the minimum, four
b values, with respect to acquiring appropriate IVIM param-
eters compared with greater numbers of b values. Due to lim-
ited acquisition time, an evaluation of IVIM DWI that uses
the minimum number of b values should be compared with
processes that use more than 10 b values. The number of b
values is not the only relevant parameter. As previous studies
have reported, the value of IVIM parameters is dependent on
the cardiac cycle.!!!* There are also pulsatile flow in the
head and neck, which is caused by neck vessels and CSF in
the spinal canal. In addition, the flow can affect the results
through partial volume effects. We presumed that cardiac
gating might be helpful in improving IVIM acquisition.

Therefore, the objective of this study was to prospectively
evaluate whether cardiac gating can improve the reproducibility
of the ADC and IVIM parameters in the head and neck; to
achieve this, we performed IVIM DWTI using 4b values (4b), 4b
values with cardiac gating (4b gating) and 17b values (17b).

Materials and Methods

Our institutional review board approved this prospective
study protocol. Signed informed consent was obtained from
all volunteers.

Study population
Nine healthy volunteers (mean age, 32 years; age range,
25-51 years; five men [mean age, 34 years; age range, 27-51
years], four women [mean age, 30 years; age range, 25-40
years]) were enrolled in the study from August 2014 to
October 2014. Inclusion criteria for healthy volunteers were
as follows: volunteers with no artificial dental material or
only one MRI compatible dental material that produces no
detectable distortions on MRI.'

We acquired IVIM imaging from the consecutive
patients who had head and neck masses on the previous MRI.

The patients underwent additional IVIM imaging on the
follow-up MR examinations which were taken from July
2015 to August 2015. We excluded a patient who showed
significant susceptibility artifact on the MRI. In addition, a
patient was excluded because his neck mass disappeared on
the follow-up MRI. Finally, five patients (mean age, 51 years;
age range, 22-78 years; two mean [22 years and 63 years,
respectively] and three women [37 years, 53 years and 78
years, respectively]) were enrolled in the study. Six masses
from five patients were included in this study. A patient with
a glomus vagale paraganglioma underwent endovascular
embolization 7 years ago and radiotherapy 6 years ago.
A patient with bilateral level II metastatic lymph nodes from
sinonasal adenocarcinoma underwent radiotherapy 2 months
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ago. Three patients with neurogenic tumors were in follow-
up without treatment.

MR examination
All the examinations were performed by a 1.5T scanner (Signa
HDxt, GE Healthcare, WI, USA) with an §-channel head and
neck coil (1.5T 8 Channel Medrad Neurovascular Array, gen-
eral electronics Healthcare). DWI were acquired twice with a
single-shot EPI pulse sequence using four different b values (b
=0, 200, 400, and 800 s/mm?) with and without peripheral car-
diac gating and 17 b values (b = 0, 10, 15, 20, 25, 30, 50, 80,
100, 120, 140, 160, 200, 300, 500, 800, and 1000 s/mm?).
Because both low b values (<200 s/mm?) and high b values
(>200 s/mm?) were needed to gain both perfusion and diffusion
related information, the 4b and 4b gating consisted of 0, 200,
400 and 800 s/mm?. The distribution and values of the 17b
setup were similar to the previously reported distribution of 16b
values.!>!7 Cardiac gating allowed for stop motion imaging by
acquiring data only during a specified portion of the cardiac
cycle, typically during diastole when the heart is not moving.
The IVIM DWI set consisted of 4b, 4b gating and 17b and
was performed twice in all volunteers. Images were obtained in
the following order: The first 4b, the first 4b gating, the first
17b, the second 4b, the second 4b gating and the second 17b.
For patients, the MRI DWI set of 4b gating and 17b was
obtained twice; the first 4b gating, the first 17b, the second 4b
gating and the second 17b. The bed of the MR machine was
pulled and pushed after the first scan. The time intervals
between obtaining the first and second IVIM DWI with the
same conditions were approximately 14 minutes in the volun-
teers and 10 minutes in the patients, respectively. To avoid
motion artifact resulted from swallowing, volunteers and
patients were asked to reduce swallowing during the scans. MR
parameters for each scan are described in Table 1. We obtained
all DWI with the same FOV, slice thickness, and matrix. For

Table 1. IVIM DW MR imaging parameters

Parameter 4b 4b gating 17b
b values (s/mm?) 4 4 17
Gating No Yes No
TR (msec)/TE (msec) 7000/64.2 9800 = 1000/64.2 7300/67.1
Bandwidth (khz) 250 250 250
FOV (mm) 240*240 240*240 240*240
Slice thickness 412 412 412
(mm)/slice gap (mm)
Matrix 128*96 128*96 128*96
Number of average
b =0) 4 4 4
Number of average
(b = others) 2 2 !
Frequency direction  Right/Left Right/Left Right/Left
Acquisition time 02:41 03:46 07:33
(min:sec)
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4b values

4b values with

cardiac gating
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Fig 1. Representative maps of ADC and IVIM parameters using 4 b values, 4b values with cardiac gating and 17 b values in a 50-year-old

male volunteer.

TR and TE, we obtained slightly different values due to cardiac
gating and the number of b values. To reduce the susceptibility
to artifacts in EPI and maximize the signal to noise ratio of
DWI, the ASSET parallel imaging technique and numbers of
excitations with a factor of two were used, respectively. DW
image was acquired with three directional diffusion gradients
and then combined into one (Slice (0,0,1), Readout (1,0,0),
Phase Encoding (0,1,0)). The combined DW image was used
for IVIM fitting. The ADC was calculated by fitting all b values
to the following equation: S; = S, exp (-ADC * b), where S, is
the signal intensity at a given b value and S is the signal inten-
sity observed in the absence of a diffusion gradient. Represent-
ative images in a volunteer and a patient are illustrated in Figs.
1 and 2, respectively.

Image analysis

The acquired DW images were analyzed using an IVIM
model to measure both molecular diffusion and tissue perfu-
sion parameters. The DW signal intensity decay with b values
can be expressed by the following biexponential function®:

S,/Sy=(—f) - exp (-bD) + 1 exp [-b (D + D*)]
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Where f'is the perfusion fraction (in %), D is the diffusion
coefficient (in mm?/s) and D* is the perfusion-related diffu-
sion coefficient (in mm?/s). IVIM post-processing was pro-
grammed using Matlab (The Mathworks Inc., Natick, MA,
USA). The fitting procedure was performed to generate maps
of f, D, D* using non-linear least square fitting with three
unknowns, Lvenberg-Marquardt (MATLAB, Mathworks
Inc., Natick, MA). Gaussian smoothing with a spatial kernel
of 3 x 3 x 3 was used for IVIM fitting.

Quantitative analysis of IVIM DWI was performed by a
radiologist (K.M.K, 6 years of experience in the head and
neck imaging). In the volunteers, free-hand ROIs were drawn
on the maps of ADC and IVIM parameters including f, D and
D* to cover the brain (i.e., pons, cerebellum), bilateral mas-
ticator muscles, bilateral parotid glands, bilateral subman-
dibular glands and bilateral tonsils. In the patients, free-hand
ROIs were drawn to encompass the nearly entire masses in
each patient. The ROI was placed in the most representative
slice of each anatomical region to avoid unrealistic value. All
ROIs were directly co-localized on all parameter maps.
Values of ADC, f, D and D* were calculated from the aver-
aged signal of the ROIs.
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Fig 2. Representative maps of ADC and IVIM parameters using 4b values with cardiac gating and 17 b values in a 63-year-old male patient

with a neurogenic tumor in the left level Il (arrow).

Statistical Analysis

Most recent studies which evaluated reproducibility used
the combination of the intraclass coefficient (ICC), Bland-
Altman analysis (BAA), and the coefficient of variation
(CV) as statistical methods.'®2? Therefore, we compared
short-term test-retest reproducibility between IVIM DW
images using the 4b, 4b gating and 17b methods using ICC,
CV and BAA. Two types of subgroup analyses were also
performed to ADC and IVIM parameters in various tissues
in the head and neck. Among the various guidelines for the
interpretation of the ICC, we adapted a scale introduced in
previous research: ICC values less than 0.40 indicate poor
reproducibility, ICC values of 0.40-0.75 indicate fair-to-
good reproducibility, and ICC values greater than 0.75 indi-
cate excellent reproducibility.?> We performed a BAA,
which yielded the mean difference and the 95% limits of
agreement between short-term test-retest results (expressed
as a percentage). CV values were calculated as follows: the
standard deviation was divided by the mean, and the result
was presented as a percentage (100 x standard deviation/
mean).?* Higher ICC values, lower CV values and narrower
95% limits of agreement indicated better short-term test-
retest reproducibility.

The Kolmogorov-Smirnov test was used to determine
whether the values of ADC and IVIM parameters were nor-
mally distributed (P < 0.05 indicates non-normal distribu-
tion). We used the mean values of short-term test-retest
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measurements to define the measured parameters. The results
were reported as median values with ranges in parentheses.
The Kruskal-Wallis test followed by post-hoc analyses was
used to compare ADC and IVIM parameters between 4b, 4b
gating and 17b in each normal anatomical region and to com-
pare the values of ADC and IVIM parameters between dif-
ferent anatomical regions in each setting. The Mann-Whitney
test was used to compare the values of ADC and IVIM
parameters between 4b gating and 17b in the patients group.
A P-value of less than 0.05 was considered an indication of
statistical significance. Commercially available software
(MedCalc, version 11.1.1.0, MedCalc software, Mariakerke,
Belgium) was used for the analysis.

Results

Short-term test-retest reproducibility of ADC and
IVIM parameters in normal head and neck tissues
All nine subjects underwent the IVIM DWI set twice. ROIs
were acquired in 9 pons, 9 cerebella, 18 masticator muscles,
18 parotid glands, 18 submandibular glands and 16 tonsils.
In the two left tonsils, ROI placement was not possible due
to poor image quality caused by the small size of the tonsils
and susceptibility artifacts around the airway. The size of
ROI (mean + standard deviation) was as follows; 92.8 +
42.6 mm? for pons, 220.2 + 52.0 mm? for cerebellum, 104.3
+ 41.6 mm? for masticator muscle, 80.8 + 36.7 mm? for
parotid gland, 65.2 = 31.8 mm? for submandibular gland
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Table 2. Short-term test-retest reproducibility of ADC and IVIM parameters in normal head and neck tissues

4b

4b gating

17b

ICC? ADC

D*
CVP ADC

D*
BAA® ADC

f

D

D*

0.974 (0.961 —0.983)
0.794 (0.685 — 0.865)
0.954 (0.930 - 0.970)
0.264 (-0.123 - 0.518)

4.76
20.45
7.48

0.985 (0.977 - 0.990)
0.838 (0.753 — 0.894)
0.971 (0.955 - 0.981)
0.303 (-0.064 — 0.544)

0.978 (0.966 — 0.989)
0.592 (0.378 - 0.733)
0.959 (0.938 - 0.973)
0.319 (-0.340 — 0.554)

38.74

-0.9 (-23.6, 21.7)

1.1(-73.6,75.9)
0.5 (-33.4, 34.3)

13.8 (-127.3, 154.9)

3.74 4.49

15.27 22.14

5.67 8.19

29.24 41.80
-1.0(-17.2,15.1) 0.1 (-19.9, 30.0)
2.8 (-58.0, 63.6) -6.2 (-89.5, 77.1)
—2.2(-28.0, 23.5) 2.2 (-38.1,42.4)

-0.4 (-105.2, 104.4) 7.4(-138.4,153.2)

All numbers in brackets of 2ICC indicate the 95% confidence interval. The highest ICC value indicates the best reproducibility.
The lowest mean of °CV (in %) indicates the best reproducibility. Mean difference and 95% limits of agreement “BAA (in %)
are shown. The narrowest value indicates the best reproducibility.

Table 3. Mean CV (%) of ADC and IVIM parameters on repeated

IVIM DW images

ab ga‘i'iong 17b

Brain ADC 4.44 1.21* 1.25

f 12.7 8.62* 10.57
D 2.7 1.31% 1.4

D* 24.8 19.56* 33.43

Muscle ADC 2.14%* 2.29 3.52

f 27.6 17.3* 20.88

D 3.29 3.24% 4.25

D* 48.03 32.28* 33.68

Parotid ADC 3.96 2.23% 2.69
f 16.67 6.88* 14.4

D 7.44 4.28% 5.88

D* 30.68 24.19* 31.01

Submandibular glands ~ ADC 4.81 4.51% 4.47
f 19.78 12.14* 26.5

D 10.46 5.94* 7.59

D* 49.87 33.44* 46.33

Tonsil ADC 8.92* 9.08 11.28

f 26.09* 33.37 40.37

D 14.27* 15.16 23.54

D* 40.5 37.67* 67.37

*The lowest value indicates the best reproducibility.
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and 18.7 + 4.2 mm? for tonsil., ICC values of ADC, fand D
were excellent and the highest using 4b gating technique
(Table 2). For D*, ICC values indicated poor reproducibility
in all trials.

For individual parameters, all parameters presented the
lowest mean CV using the 4b gating (Table 2). CV values in
the subgroup analysis in various tissues in the head and neck
are described in Table 3. Among the techniques (i.c., 4b, 4b
gating and 17b), the brain, parotid gland and submandibular
glands exhibited the lowest mean CV using 4b gating for
ADC and all IVIM parameters. In the muscles, all parameters
except ADC, that is, all IVIM parameters, presented the
lowest CV using 4b gating. In the tonsils, all parameters
except D* exhibited the lowest CV value using 4b, and D*
presented the lowest CV value using 4b gating.

Regarding individual parameters, Bland-Altman anal-
yses revealed the narrowest 95% limits of agreement in all
parameters using 4b gating (Table 2). Regarding the sub-
group analysis in various tissues in the head and neck,
mean differences and 95% limits of agreement of repeated
IVIM DWI are described in Table 4. In the muscle, parotid
gland and submandibular glands (i.e., all tissues except
the tonsils and brain), all parameters revealed narrower
95% limits of agreement using 4b gating than 4b or 17b.
In the brain, all parameters except D showed narrower
95% limits of agreement using 4b gating than 4b or 17b.
In the tonsils, D and D* exhibited the narrowest 95%
limits of agreement using 4b gating whereas ADC and f
showed exhibited the narrowest 95% limits of agreement
using 4b.

In general, D* exhibited the worst 95% limits of agreement
with respect to short-term measurement reproducibility for all
parameters regardless of the tissue and the number of b value

Magnetic Resonance in Medical Sciences
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Table 4. Mean difference and 95% limits of agreement for ADC and IVIM parameters on repeated I[VIM DW images

4b 4b gating 17b
Brain ADC -3.3(=28.5,21.9) -0.4 (-5.1, 4.3)* -0.6 (-5.7, 4.5)
f 5(-43.1, 53.5) 2 (-28.5, 33.0)* 0(=35.1,37.1)
D -0.8 (-11.6, 10.0) -0.6 (-5.8, 4.6) -0.7 (5.5, 4.3)*
D* 6(-117.6, 122.8) 19.4 (-54.2, 93.0)* -1.8 (-118.4, 114.5)
Muscle ADC -0.3 (-9.0, 8.3) 0(-8.2, 8.2)* -1.5(-15.3,12.4)
f 4.3 (-97.6, 106.2) -4.3 (-59.6, 51.0)* -7.5(-90.3, 75.3)
D -0.9 (-14.2,12.5) 2 (-10.2, 10.6)* -2.0(-17.9, 14.0)
D* 11.1(=157.7,179.9) -30.2 (-134.3, 73.8)* -8.9 (-134.3, 116.4)
Parotid ADC 6(-11.3,16.5) 0(-8.1, 8.1)* 3 (-10.5, 11.0)
f -1.3 (-54.1, 51.5) 6(-19.2, 26.4)* -2.1(-53.8, 49.7)
D 2.6 (-23.1,28.4) 1.1(=17.9, 20.1)* 1.5(-22.8, 25.8)
D* 7 (-=114.5,119.9) -1.6 (-81.1, 77.8)* 1(-96.6, 114.8)
Submandibular glands ADC 2(=27.2,27.6) -1.8(-18.3, 14.6)* 5(-16.0, 16.9)*
f 2 (-68.4,74.7) -5.7 (-49.9, 38.5)* -2.3 (-93.6, 89)
D -1.6 (-50.7, 47.5) -1.8 (-21.5, 17.8)* -1.4 (-31.8, 29.1)
D* 29.1 (-129.7,187.9) 14.6 (-88.5, 117.6)* -0.6 (-161.1, 160.0)
Tonsil ADC 3(-35.2, 26.6)* -3.2 (-34.9, 28.5) 0(=37.9, 42.0)
f -6.7 (-99.4, 86.1)* 20.0 (-91.1, 131.1) -21.7 (-152.7, 109.2)
D 3(-49.2, 55.8) -10.9 (-60.4, 38.6)* 14.7 (-66.3, 95.7)
D* 24.7 (-116.2, 165.6) -4.4 (-142.6, 133.8)* 43.0 (-159.9, 245.9)

Data in parentheses are 95% limits of agreement (%).

compared with other parameters. An example of test-retest fitted
curve in the normal head and neck tissues is in Fig. 3.

The Kruskal-Wallis test revealed that all parameters
except D* exhibited no statistically significant difference
among the three methods in the muscle, parotid gland and
submandibular glands (All P > 0.05 for ADC, D and £, P =
0.0002, P < 0.0001, and P = 0.003 for D*). In the post hoc
analysis for D*, there were significant differences in 4b gating
vs 4b and 4b gating vs 17b in muscle, 17b vs 4b and 17b vs
4b gating in the parotid gland, and 4b gating vs 17b in the
submandibular glands.

In the brain, all parameters except f revealed no statisti-
cally significant differences among the three methods (i.e.,
all P> 0.05 for ADC, D and D*; P=0.014 for f). In the post
hoc analysis of f'in the brain, there was a significant differ-
ence between 4b and 17b.

In the tonsils, the diffusion related parameters, ADC and
D, exhibited no statistically significant differences among the
three methods (P = 0.089 for ADC, P = 0.466 for D). On the
other hand, the perfusion related parameters, fand D*, revealed
statistically significant differences among the three methods in
the tonsils (P = 0.033 for £, P<0.0001 for D*). In the post-hoc
analysis of the tonsils, there was a significant difference in 4b
gating vs 17b for f, and 17b vs 4b and 17b vs 4b gating for D*.

Vol. 16, No. 3

* The narrowest value indicates the best reproducibility.

Fitted curves comparing 4b, 4b gating and 17b in the normal
head and neck tissues of a case are seen in Fig. 4.

ADC and IVIM parameters in the different
anatomical regions of normal head and neck tissues
Median values and ranges of the mean values of ADC, f, D,
and D* calculated from short-term test-retest IVIM DWI are
described in Table 5.

The results of Kruskal-Wallis test are described in Table 6.
Regarding ADC value, all anatomical regions showed signifi-
cantly different values in 4b, 4b gating and 17b. Muscle
revealed the highest ADC value, followed by submandibular
gland, parotid gland, tonsil and brain. For f'value, brain showed
different f'value from the others regardless of the b values and
cardiac gating. 4b gating revealed the best differentiation
between the anatomical regions among the three methods.
According to the result of 4b gating, parotid gland showed the
highest f value, followed by submandibular gland, muscle,
tonsil and brain. 4b could not show different f values between
submandibular gland and the other head and neck regions.
Muscle and tonsil did not show different f values using 4b. 17b
showed the poorest differentiation between the anatomical
regions. Regarding D value, all anatomical regions showed
significantly different values in all three methods. The order of
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Brain (pons) 4b gating 1st, 2nd 17b 1st, 2nd

1 1
0.8 0.8
006 <06
2 2
®04 b 04
0.2 0.2! 0.2
o 0 o
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 1000
b-factor b-factor b-factor

4b 1st, 2nd 4b gating 1st, 2nd 17b 1st, 2nd
Muscle

C
o
o

9 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 1000
b-factor b-factor b-factor

parotid gland 4b 1st, 2nd 4b gating 1st, 2nd 17b 1st, 2nd

0.2 02 02
0 0 0
] 200 400 600 800 0 200 400 600 800 0 200 400 600 800 1000
b-factor b-factor b-factor

Submandibular gland 4b 1st, 2nd 4b gating 1st, 2nd 17b 1st, 2nd

) 200 400 600 800 0 200 400 600 800 < 0 200 400 600 800 1000
b-factor b-factor b-factor
1
08 X
o 06 -
(]
904
0.2 0.2! 0.2
0 0 0
0 200 400 600 800 [} 200 400 600 800 0 200 400 600 800 1000

b-factor b-factor b-factor

. 4b gating 1st, 2nd 17b 1st, 2nd
Neur;)genlc tumor

o
0 200 400 600 800 0 200 400 600 800 1000
b-factor

Fig 3. Test-retest fitted curves in the normal head and neck tissues (4b, 4b gating and 17b) in a 50-year-old male volunteer and a neurogenic
tumor (4b gating and 17b) in the left level II. The blue dots and line indicate the data points and fitted curves of the 1st exam (test), and the red
dots and line indicate the data points and fitted curves of the 2nd exam (retest). In the brain, muscle and submandibular gland, more similar
curves being fitted in the test-retest series of 4b gating are noted than those of 4b or 17b. In the parotid gland and tonsil, test-retest fitted curves
were not improved using 4b gating compared to 4b. However, in the parotid gland, 4b gating curves show definite hockey — stick appearance
which reflects a tendency of higher perfusion fraction of the salivary glands. In 4b series of the parotid gland, the curves are flat. Regarding
the tonsils, the shortest sequence, 4b series seem to be the most reliable method because tonsil is susceptible to swallowing motion.
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b-factor
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Tonsil

0 200 400 600 800 1000 0 200
b-factor

Neurogenic tumor | 1% exam 4b, 4b gating, 17b

400 600 800 1000
b-factor
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o
400 600 800 1000 0 200
b-factor

0
0 200

Fig 4. Fitted curves comparing 4b, 4b gating and 17b in the normal
head and neck tissues and 4b gating and 17b in a neurogenic tumor
in the left level II. The blue, red, black dots and line indicate the data
points and fitted curves of 4b, 4b gating and 17b, respectively. Not
only the fitted curve of 17b, but also the fitted curves of 4b and 4b
gating revealed different shape of biexponential curves according to
the perfusion characteristics of the normal tissues and head and neck
masses. For example, the fitted curves of the brain and muscle show
flattening whereas the fitted curves of the parotid gland and subman-
dibular gland seem to be initially steeper decreased.
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D value according the anatomical regions was similar to that
of ADC value. D* showed the poorest differentiation between
anatomical regions and wide range of the measured values.

Short-term test-retest reproducibility of ADC and
IVIM parameters in various head and neck masses
IVIM DWI set with 4b gating and 17b were performed twice
in five patients. ROIs were drawn in six masses; one glomus
vagale paraganglioma, two bilateral level II metastatic lymph
nodes from sinonasal adenocarcinoma and three neurogenic
tumors in the posterior paraspinal space, right supraclavic-
ular area and left level I1. The size of ROI (mean + standard
deviation) was 217.7 £ 115.1 mm?.

For all parameters, ICC values were higher using 4b
gating than using 17b. For 4b gating, all parameters except
D* revealed excellent ICC values (Table 7). All parameters
exhibited lower mean CV values using 4b gating than 17b
(Table 7). Furthermore, Bland-Altman plot demonstrated nar-
rower 95% limits of agreement between repeated exams for
4b gating than for 17b in all parameters (Table 7). An example
of test-retest fitted curve in a neurogenic tumor is in Fig. 3.

The Mann-Whitney test revealed that the values of ADC,
fand D were not significantly different between 4b gating
and 17b (P =0.749 for ADC, P=0.873 for f, and P=1 for D,
respectively). However, the value of D* was significantly
different between 4b gating and 17b (P = 0.02). The mean
values of repeated measured ADC and IVIM parameters in
each mass are described in Table 8. Figure 4 shows fitted
curves comparing 4b gating and 17b in a neurogenic tumor.

Discussion

Since the IVIM technique was initially introduced by Le
Bihan et al.,° it has been used to investigate many regions as
anoninvasive technique simultaneously providing both tissue
perfusion and diffusion information The head and neck is a
difficult region for the application of IVIM DWI because of
susceptibility to artifacts around air and bone, and motion
artifacts due to swallowing and CSF- or carotid artery-related
flow. Therefore, it is important to minimize acquisition time
and to reduce the effect of pulsation related flow in the head
and neck. In this study, we applied cardiac gating for repro-
ducibility improvement in measurement of [VIM parameters
in the head and neck and compared minimum 4b, 4b gating
and 17b with respect to short-term test-retest reproducibility.

The present study reported ICC, CV and BAA values for
short-term test-retest reproducibility of 4b, 4b gating and 17b.
In both normal tissues and various masses in the head and
neck, ICC values for ADC, f and D from 4b gating were
higher than other methods. In addition, all parameters from 4b
gating presented lower mean CV using 4b gating and nar-
rower 95% limits of agreement than the methods without car-
diac gating in both normal tissues and masses. Although
previous studies described the slow diffusion coefficient D
did not vary significantly during the cardiac cycle'"!?, because
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Table 5. Median values with ranges of measured parameters in the head and neck tissues

4b 4b gating 17b

Brain ADC 0.71(0.53 - 0.78) 0.70 (0.65 - 0.80) 0.67 (0.63 - 0.75)

f 9(4.1-7.7) 4(43-9.3) 2(3.7-8.1)

D 0.65 (0.61 -0.74) 0.64 (0.60 - 0.74) 0.63(0.57 - 0.71)

D* 15.57 (13.32 -73.23) 15.74 (11.90 — 42.51) 19.83 (12.12 — 48.56)
Muscle ADC 1.59 (1.49 --1.71) 1.57 (1.40-1.72) 1.55 (1.43 - 1.66)

f 10.3 (6.0 -19.5) 12.25 (7.9 -26.0) 11.2 (6.4 -22.6)

D 1.48 (1.34 - 1.58) 1.45(1.23 - 1.55) 1.49 (1.30-1.62)

D 26.15(13.91 - 114.35) 21.31 (14.99 — 45.04) 51.38 (19.43 — 158.05)
Parotid gland ADC 1.00 (0.84 - 1.21) 0.99 (0.84 - 1.18) 0.92 (0.79-1.10)

f 16.1 (10.2 = 20.3) 15.55(9.0-17.6) 15.0 (9.6 - 26.0)

D 0.83 (0.71 - 1.05) 0.84 (0.66 — 1.00) 0.84 (0.72 - 0.98)

D* 22.52 (14.81-61.45) 21.93 (13.96 — 52.55) 52.35(25.17 - 82.52)
Submandibular glands ADC 1.17 (0.98 - 1.32) 1.15(1.05 -1.29) 1.12 (0.96 - 1.33)

f 14.3 (8.6 —22.9) 14.0 (11.0-19.3) 15.4 (7.9 -22.1)

D 1.00 (0.72 - 1.19) 0.98 (0.89 - 1.13) 1.00 (0.89 - 1.22)

D* 29.84 (9.58 — 143.29) 20.92 (15.19 - 62.37) 37.66 (3.30 — 102.41)
Tonsil ADC 0.77 (0.67 - 0.98) 0.75 (0.62 - 0.98) 0.70 (0.60 - 0.95)

f 12.8 (6.5 -20.1) 10.5 (6.4 - 14.6) 14.6 (6.2 —27.9)

D 0.60 (0.52 - 0.85) 0.62 (0.49 — 0.84) 0.58 (0.40 - 0.84)

D* 15.54 (8.00 — 29.13) 18.10 (10.66 — 43.25) 46.57 (12.03 — 75.46)

ADC, D, and D* values are expressed as the median value (x10 mm?/sec), f values are expressed as the median percentage, with ranges in

parentheses.

it and perfusion parameters are calculated from the same biex-
ponential equation using the same measured signal intensities
and partial volume effects in the voxel level, we believe also
diffusion related parameter, D can be more reproducible indi-
rectly by using cardiac gating. Therefore, on the basis of our
results, we may suggest that 4b gating was the most reproduc-
ible method for IVIM parameters among the three methods.
In contrast to our results, several previous studies
regarding b value optimization in the abdominal organs have
recommended using at least 8 to 10 b values for accurate esti-
mation of [IVIM parameters.'®?° However, their study designs
were different from ours. Previous studies determined opti-
mized b values using Monte Carlo simulations. However, we
measured the value of ADC and IVIM parameters on real
scans, which were performed with both minimum (i.e., 4b, 4b
gating) and sufficient b values (i.e., 17b) and applied cardiac
gating to reduce the effect of pulsating flow. Although many
concentrations in the low b value have been recommended
regarding the estimation of D*!°, our study revealed 17b with
sufficient low b values resulted in poorer reproducibility than
4b gating in all parameters including D*. In addition,
according to Kruskal-Wallis test, almost all parameters except
D* in most normal head and neck tissues exhibited no statisti-
cally significant differences between 4b, 4b gating and 17b.
Furthermore, the values of ADC, f'and D from various head
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and neck masses were not significantly different between 4b
gating and 17b. Therefore, the values of ADC, f and D
acquired using 4b gating seem to represent reproducible
quantitative values from biexponential [IVIM model.

D* presented the poorest reproducibility and its value
was great signal attenuation variability among the acquisi-
tions. Similar to the present findings, several previous studies
reported that D* had poor reproducibility in liver metastases,
HCC and liver parenchyma.!®?226 Because previous studies
reported that D* varied significantly according to cardiac
cycle,'"!2 we presumed that D* (flow velocity) might be most
affected by cardiac cycle, followed by fand D and expected
to improve the uncertainty of D* using cardiac gating. How-
ever, D* maintained poor reproducibility in spite of sufficient
low b values and cardiac gating. Although D, D* and f were
together calculated using the same bi-exponential equation,
because D* is much greater than D, the effects of D* on the
signal decay at large b values (> 200 sec/mm?) can be
neglected. Therefore, the stability of fand D might have influ-
enced each other. Further studies validating the IVIM of D*
map should be explored which can reduce misregistration and
partial volume effects contributed by bright adjacent vessels.

While cardiac gating could not improve the reproduci-
bility of D*, the other perfusion related factor, f'value became
more reproducible parameter using cardiac gating in both
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Table 6. Kruskal-Wallis test with post-hoc analyses to compare ADC and IVIM parameters between the

anatomical regions

Parameter 4b 4b gating 17b
ADC P value < 0.0001 < 0.0001 < 0.0001
(1) Brain 2)(3)(4)(5) (2)(3)(4)(5) (2)(3)(4)
(2) Muscle 3)(4)(5) (1)(3)(4)(5) (1)(3)(4)(5)
(3) Parotid 2)(4)(5) (1)(2)(4)(5) (1)(2)(4)(5)
(4) Submandibular glands 2)(3)(5) (1)(2)(3)(5) (1)(2)(3)(5)
(5) Tonsil 2)(3)(4) (1(2)(3)4) (2)(3)(4)
f P value < 0.0001 < 0.0001 < 0.0001
(1) Brain (2)3)(4)(5) (2)(3)(4)(5) (2)(3)(4)(5)
(2) Muscle (M@3) (M3)(3) (1)
(3) Parotid )(2)(5) (1(2)(5) (1)
(4) Submandibular glands (1)(5) (M
(5) Tonsil (N3) (1(2)(3)(4) (1)
D P value < 0.0001 < 0.0001 < 0.0001
(1) Brain 2)(3)(4)(5) (2)(3)(4) (2)3)(4)(5)
(2) Muscle 3)(4)(5) (13)(4)(5) (N3)(4)(5)
(3) Parotid 2)(4)(5) (1)(2)(4)(5) (1(2)(4)(5)
(4) Submandibular glands 2)(3)(5) (M(2)(3)(5) (12)3)(5)
(5) Tonsil 2)(3)(4) (2)(3)(4) (1(2)(3)(4)
D* P value 0002 0.009 0.0003
(1) Brain 4) (2)3)(4)(5) (2)(3)(4)(5)
(2) Muscle 5) (1) (1)
(3) Parotid (5) (1) (1)
(4) Submandibular glands (1)(5) (1) (M
(5) Tonsil (2)(3)(4) (1) (1)

Table 7. Short-term test-retest reproducibility of ADC and IVIM
parameters in various head and neck lesions

4b gating 17b

ICC* ADC 0.997(0.981 -1) 0.857 (-0.022 - 0.098)

f 0.986 (0.901 —0.998)  -0.402 (-9.018 —0.804)
( 0.813 (-0.334 - 0.974)
(

D 0.997 (0.978 - 1)
D* 0.664 (-1.400-0.953)  0.500 -0.257 - 0.930)

Cv>  ADC 3.74 4.49
f 15.27 22.14
D 5.67 8.19
D* 29.24 41.80

BAA©  ADC 3.7 (-2.8,10.2) 22.0 (-65.1, 109.1)
f -1.5(=25.3,22.3) -19.6 (-216.6, 177.4)
D 4.5(-3.2,12.2) 24.4 (-64.3, 113.1)
D* 13.0 (- 76.2,102.3) -18.0 (-243.1, 207.1)

All numbers in brackets of 2ICC indicate the 95% confidence
interval. The highest ICC value indicates the best reproducibility.
The lowest mean of PCV (in %) indicates the best reproducibility.
Mean Difference and 95% limits of agreement “BAA (in %) are
shown. The narrowest value indicates the best reproducibility.
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normal tissues and various masses. The fhas been reported as
an important predictor of T-staging of nasopharyngeal carci-
nomas,’ therapy monitoring,* and prediction of treatment out-
comes.® Although the f values from 4b and 17b was
significantly different in the brain, the value of f'is very low
(4.9-6.2%, our study; 4-8%,?") in the brain and thus, the I[VIM
effect is minimal.'® Not only IVIM parameters but also ADC
revealed more reproducible value by applying cardiac gating
in both normal tissues and various masses. These results sug-
gest that ADC and IVIM parameters are influenced by pul-
sating flow. In contrast to IVIM parameters, ADC from 17b
presented better ICC, CV value and narrower 95% limits of
agreement than those from 4b. While IVIM parameters seem
to be more vulnerable to long scan time, ADC value seems
more susceptible to the curve fitting than long scan time.

In the subgroup analysis of variable tissues in the head
and neck, almost all parameters in the brain, muscle, parotid
gland and submandibular glands exhibited the best reproduc-
ibility using the 4b gating; they had the lowest CV and nar-
rowest 95% limits of the agreement. In the tonsils, 4b was the
most reliable method for almost all parameters. This might
be caused by the specific location of the tonsils, which is vul-
nerable to artifacts related to susceptibility to the air-tissue
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Table 8. Mean values of repeated measured ADC and IVIM
parameters in the various head and neck lesions

4b gating  17b

Glomus vagale paraganglioma  ADC 2.47 2.44
f 12.8 7.51

D 2.34 2.34

D* 9.81 12.11

Left metastatic lymph node ADC 0.99 0.95
f 9.50 8.15

D 0.90 0.89

D* 15.41 19.10

Right metastatic lymph node ADC 0.89 0.87
f 13.95 10.05

D 0.74 0.83

D* 16.94 77.09

Neurogenic tumor (posterior ADC 2.22 1.40
paraspinal space) f 3.41 5 46
D 2.19 1.36

D* 14.83 60.83

Neurogenic tumor ADC 1.60 1.52
(supraclavicular area) f 9.64 14.80
D 1.50 1.42

D* 10.29 39.72

Neurogenic tumor (left level 1)  ADC 2.35 2.93
f 22.30 23.26

D 2.19 2.48

D* 7.30 28.03

ADC, D, and D* values are expressed as (x10~* mm?/sec), and f
values are expressed as percentage.

interface and swallowing-related motions. Therefore, a short
acquisition time seems to be the key to acquiring reliable
IVIM DWT in the tonsils.

In the comparison of ADC and IVIM parameters in the
different anatomical regions, ADC using 4b and 4b gating
and D using 4b and 17b revealed the largest difference.
However, regarding f value, the most important clinical
marker among the parameters,*”® 4b gating revealed the big-
gest difference between the anatomical regions followed by
4b. 17b could not show difference in f values between the
head and neck tissues. It means that 4b gating had signifi-
cantly different metrics than the 17 b-values protocol (refer-
ence standard). Variable tissues in the head and neck had
different values from those of the brain. They showed a
higher value of ADC and IVIM parameters than those of the
brain. Salivary glands (parotid gland and submandibular
gland) had a tendency of higher perfusion fraction than
muscle and tonsil. Muscle and tonsil revealed different diffu-
sion properties each other. Muscle showed a higher value of
diffusion related factors, ADC and D than those of the others.
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Tonsil had lower values of diffusion related factors than
those of the others which reflected high cellularity of the
lymphoid tissue. D* could not show consistent and reliable
result in all methods.

Determination of the minimal effective b value is crucial
for the optimization and validation of IVIM DWI, especially
in the head and neck region, which is quite sensitive to motion
artifacts. To make IVIM models easier to apply and faster,
Sumi et al. introduced a simplified IVIM DWI with three b
values (0, 500, 1000 s/mm?) to provide the perfusion related
parameter and D3. However, the method cannot separate fand
D*, and the reproducibility has not been validated yet. In
addition, their scan time (i.e., 2 minutes 8 seconds) was sim-
ilar to 4b in our study (i.e., 2 minutes 41 seconds). In a similar
acquisition time, application of cardiac gating to minimum
four b values allowed the acquisition of ADC and all IVIM
parameters with better reproducibility, compared to the values
from sufficient b values.

The present study has some limitations. First, the study
cohort was small. A larger cohort study containing greater
numbers and types of head and neck tumors is needed to vali-
date 4b gating in head and neck masses. Second, the second
b value of 200 s/mm? seems to be higher compared with the
usual recommendation for the evaluation of perfusion effect.!?
Because D* was considered to determine mainly from the
signal decay of low b-value which sufficiently include the
range of perfusion-related water motion, typically <200 s/mm?
of b-value, most of D* values from 4b or 4b gating had a
tendency underestimation due to the lack of low b-value data.
We believe that the inclusion of b value of < 200 s/mm? might
result in better estimation, which warrants future study. Third,
determination of b-value number of four in our study has a
limitation. However, according to our results, not only the
fitted curve of 17b, but also those of 4b and 4b gating revealed
different shape of biexponential curves (flattening or hockey-
stick appearance) according to the perfusion characteristics
of the normal tissues and head and neck masses (Fig. 4).
Although these fitted curves could reflect the different tissue
characteristics, most of D* values from 17b had a tendency of
higher than the ones from the either of the 4b or 4b gating. We
believe that our 4 b-value protocol has a potential to reflect
the tissue perfusion as well as diffusion factors. In addition,
we could observe more difference between test-retest fitted
curve in 17b than in 4b or 4b gating (Fig. 3). Fourth, we sur-
veyed previous studies which applied IVIM imaging in the
head and neck and found that 17b value was the highest
number of the b-value among them, which seems to be suffi-
cient b-value scan. In addition, in theory, we believe that 4
b-value protocol can minimally be obtained with the shortest
scan time. It could be possible to reduce the scan time by
decreasing NEX or voxel size. However, the studies were
performed on the 1.5T MRI and based on the EPI sequence
which used bandwidth of 250 kHz, so it had insufficient SNR
for the experiment. Therefore, we planned to test the advan-
tage of cardiac gating added on the IVIM imaging with the
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shortest acquisition time, which was compared to the pro-
tocol with sufficient 17 b-values. Fifth, to improve the repro-
ducibility of IVIM imaging, we focused on reducing
acquisition time and cardiac gating. Although some attempts
to reduce the susceptibility artifact could be considered in the
head and neck area (e.g. multi-shot EPI, RESOLVE, turbo
spin echo-DWI, and zoom DWTI etc.), we did not apply those
techniques in this study because they definitely lead to the
prolongation of scan time.

All statistical analyses in our study revealed consistently
excellent reproducibility with 4b gating. Therefore, the cardiac
gated acquisition is more stable than the non-gated ones in our
study. One paradox is that cardiac gated values are more reli-
ably repeated does not mean that IVIM parameters are inher-
ently dependent on the flow. Bulk flow is suppressed by the
diffusion gradients. However, as previous studies reported that
the cardiac gating seemed to affect ADC and IVIM parameters
in the brain and kidney,'"'? it seems that the pulsation affects
somewhat the repeatability of the values in the head and neck.

Conclusion

In conclusion, we were able to assess short-term test-retest
reproducibility of ADC and IVIM parameters using 4b, 4b
gating and 17b in normal head and neck tissues. [IVIM DWI
using 4b gating was more reproducible for the measurement
of IVIM parameters in the various head and neck tissues and
masses than imaging with 4b or 17b.
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