Physica Medica 66 (2019) 119-123

journal homepage: www.elsevier.com/locate/ejmp

Contents lists available at ScienceDirect

Physica Medica

Physica

European Journal
of Medical Physics

Technical note

Optimal b-values for diffusion kurtosis imaging of the liver and pancreas in

MR examinations

Check for
updates

Katarzyna Pasicz®, Joanna Podgérska™“*, Jakub Jasieniak”, Ewa Fabiszewska®,
Witold Skrzynski®, Agnieszka Anysz-Grodzicka”, Andrzej Cieszanowski’, Pawet Kukotowicz?,

Iwona Grabska®

@ Medical Physics Department, The Maria Sklodowska-Curie Institute — Oncology Center, 5 Roentgena Street, Warsaw, Poland
Y Department of Radiology I, The Maria Sklodowska-Curie Institute — Oncology Center, 5 Roentgena Street, Warsaw, Poland
©2nd Department of Clinical Radiology, Medical University of Warsaw, 1a Banacha Street, Warsaw, Poland

ARTICLE INFO ABSTRACT

Keywords:
Magnetic resonance
Diffusion kurtosis imaging

Purpose: The objective was to optimise the number of b-values for diffusion kurtosis imaging (DKI) of the liver
and pancreas in MR examinations to ensure reliable results with the shortest possible acquisition time.

Methods: Twenty healthy volunteers underwent DKI at 3.0 T Siemens Magnetom Skyra using 7 b-values (b = 0,
200, 500, 750, 1000, 1500, 2000 s/mm?). The regions of interest (ROIs) were placed in the liver (right lobe, left
lobe) and pancreas (head, tail). DKI parameters (Dpp, Kapp) for ROIs were calculated for 7 b-values utilising the
nonlinear least-squares (NLLS) Marquardt-Levenberg algorithm. All calculations were repeated for ten subsets of
data, with the number of b-values reduced to 4. DKI parameters calculated for subsets were compared with
parameters calculated for all 7 b-values.

Results: The correlation coefficient between DKI parameters calculated for 7 b-values and subsets ranged from
0.65 to 1.00. The coefficient of variation (CoV) of DKI parameters calculated for a group of volunteers varied
from 8% to 42% and was not affected by the reduction of the b-values number. Only one subset of data (b = 0,
500, 1500 and 2000 s/mm?) simultaneously met two criteria: no statistical difference (p < 0.05) from results
obtained for 7 b-values and very good correlation with them.

Conclusions: DKI acquisition with 4 b-values (b = 0, 500, 1500 and 2000 s/mm?), compared to DKI acquisition
utilising 7 b-values, allowed for the reduction of acquisition time by 36%, without affecting the calculated DKI

parameters.

1. Introduction

Diffusion-weighted imaging (DWI), a form of magnetic resonance
imaging, is one of the most dynamically developing imaging techni-
ques. The widest application was found in oncology, where it not only
helps in tumour detection and differential diagnosis but also in asses-
sing the effectiveness of treatment (chemotherapy and radiotherapy)
and tumour recurrence. The principle of DWI is to measure the diffusion
of water molecules (not only in the intracellular space but also in the
intravascular space). Factors influencing the reduction of the extra-
cellular space, such as an increased number of cells, cell oedema,
neoangiogenesis, necrosis or tissue proliferation, lead to restriction of
water diffusion in this space. Standard DWI relies on apparent diffusion
coefficient (ADC) calculated using a monoexponential analysis, which
assumes Gaussian behaviour of water diffusion [1,2]. Linear fit applied

in the monoexponential model is reasonable in b-values to 600-1000 s/
mm? [2]. For higher b-values, due to barriers that water molecules
encounter in the tissue, the normal distribution does not accurately
describe diffusion process [3]. The deviation from Gaussian distribution
can be quantified using a parameter called “excess kurtosis” which re-
presents the microstructure in the tissue environment. Diffusion Kur-
tosis Imaging (DKI) is a new, rapidly developing magnetic resonance
(MR) DWI technique [4-9]. In order to capture the diffusion kurtosis
effect, the acquisition of several b-values, including very high b-values
(b > 1000s/mm?), is needed. As DKI takes into account the influence
of tissue barriers (cell membranes, organelles) on diffusion, it is pre-
sumed to better reflect the actual water diffusion processes than stan-
dard DWI. Therefore, DKI gives hope for a more accurate assessment of
water diffusion in tissues. Several limitations, however, hinder the use
of DKI in routine practice, including lack of standardisation and long
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Table 1
The acquisition parameters of applied DKI sequence.
Tr (repetition time) 7400 ms
Tg (echo time) 67 ms
Number of slices 33
Slice thickness 5mm
Echo spacing 0.54 ms
Number of gradient directions 3
Gradient Direction 3-scan-Trace weighting
Distortion correction On
Bandwidth 2332 Hz/px
FOV Read 380 mm
FOV Phase 80.6%
Voxel size 1.4mm X 1.4mm X 5mm
Partial Fourier Factor Off
Diffusion Acquisition Scheme Monopolar
Fat Supression Technique SPAIR
Flip angle 90°

Table 2
The number of signal averages (NSA) for
particular b-values acquisition.

b [s/mm?] NSA

0
200
500
750
1000
1500
2000
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acquisition time (due to additional b-values). For clinical applications,
there is a need to achieve the shortest possible scan time, which can be
obtained by decreasing the number of b-values. Past studies have re-
ported DKI sequences using different numbers of b-values. For example,
in the brain, b-values of about 2000 s/mm? have been reported to be
sufficient [5]. Another study reported that DKI of the liver was suc-
cessful using six b-values and three directions of the motion-probing
gradient [3]. The aim of this study was to optimise the DKI method to
ensure reliable results in the shortest possible time.

2. Methods
2.1. Study population

Between January 2017 to March 2017, 20 healthy volunteers (10
male and 10 female; mean age: 39 years; age range: 25-62 years) were
enrolled for this single-centre prospective study. The research protocol
was approved by the local ethics committee, and written consent was
obtained from all patients prior to the study.

Inclusion criteria were age =18 years and willingness and ability to
undergo MRI and participate in the study. Exclusion criteria were
age < 18years and contraindications to MR imaging, such as pace-
makers, metal implants and severe claustrophobia.
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3. MR imaging protocol

MR imaging was performed with the 3.0 T unit (Magnetom Skyra,
Siemens Medical Solutions, Erlangen, Germany) using explorer gra-
dients (maximum amplitude of 45 mT/m and slew rate of 200 mT/m/
ms) and phased-array multicoil system (18 elements) with spine array.
The examination protocol contained the following sequences: breath-
hold (BH) T;-weighted gradient-echo (GRE) DIXON and respiratory
triggered (RT) Tp-weighted half -Fourier acquisition single-shot turbo
spin echo (HASTE), both performed in the axial plane. Then, DKI in the
axial plane was acquired using a standard spin-echo echo-planar se-
quence. Selected parameters of applied DKI sequences are shown in
Table 1. The Integrated Parallel Acquisition Techniques (IPAT) imaging
option with a factor of 3 was used. DKI sequences were acquired with
the seven b-values: b = 0, 200, 500, 750, 1000, 1500 and 2000 s/mm?.
In order to maintain a sufficient signal-to-noise ratio, a different
number of signal averages (NSA) was chosen (NSA for each b-value are
presented in Table 2).

3.1. Data analysis

The MR images were assessed by two radiologists respectively with
6 and 4years of experience in body MR imaging, respectively (JP,
AAG). All measurements were performed at commercial workstations
(Syngovia, Siemens Medical Solution, Erlangen). For the calculation of
DKI parameters (D,pp, Kapp), the regions of interest (ROIs) were placed
on chosen slices of b = 0s/mm? images, independently for each DWI
sequence for the right liver lobe, left liver lobe, head of the pancreas
and tail of the pancreas. Blood vessels were avoided. Then, ROIs were
copied and pasted from these images to corresponding scans acquired
with higher b-values. Each ROI was placed two times by each observer
then ROI data (signal intensity and standard deviation (SD)) was ex-
ported to the text file and the values were averaged.

3.2. Parameter estimation

The DKI parameters (Djpp, Kapp) Were calculated using the following
equation (1):

NG)

S(0)

D2

= exp(—b+Dypp + 1/6+b*+Dj,,

app)

where S is the signal intensity as a function of b, S(0) is a signal in-
tensity at b = 0s/mm?, b is a factor dependent on the pulse duration
and strength of the diffusion gradients, D,y is the corrected apparent
diffusion accounting for the observed non-Gaussian behaviour, and K,
is a unitless parameter called apparent kurtosis coefficient.

For the calculations of DKI parameters, we applied our own pro-
gram, utilising the method of the nonlinear least-squares (NLLS)
Marquardt-Levenberg algorithm (function fit, Gnuplot version 5.0,
patch level 4). Normalized standard deviation of the corresponding b-
value value to signal intensity at b = 0 s/mm? (NSD = SD(b;)/S(0)) was
used to compute a weight for the datum, 1/(NSD)?. The fit was judged
on the basis of the sum of the squared differences or ‘residuals’ between

Table 3
Different sets of b-values used for diffusion kurtosis calculation with a presumed time of acquisition.
Subset of data 7b 4b(0) 4b (1) 4b(2) 4b(3) 4b (4 4b(5) 4b(6) 4b(7) 4b(8) 4b09)
b-value [s/mm?] 0 0 0 0 0 0 0 0 0 0 0
200 - - 200 200 - - - - 200 200
500 - 500 - - 500 500 - - - 500
750 - - - 750 750 - 750 750 - -
1000 1000 - - - - 1000 - 1000 1000 -
1500 1500 1500 1500 - - - 1500 - - -
2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Acquisition time [min:s] 11:23 8:04 7:19 6:58 5:51 6:13 6:35 7:42 5:51 5:29 5:29

120



K. Pasicz, et al. Physica Medica 66 (2019) 119-123

e N oo the input data points and the function values, evaluated at the same
°c = °coe places. The algorithm attempted to minimize WSSR (Weighted sum-of-
N HoH H HoH A A . . o . , -
e @ xS sona squares residual), as the residuals were ‘weighted’ by the input data
<+ RN SsS3ao errors before being squared.
All calculations were systematically repeated for subsets of data,
o - oo with the number of b-values reduced to 4 (presented in Table 3). In the
S&Es 3 ‘S' AR first step, all combinations (i.e. 35 subsets) of 4 b-values were analysed.
2 HoH A H R Only the subsets containing the b value equal 0 s/mm? and 2000 s/mm?>
= R&EX o B8R were compared in order to find the optimal distribution of b-values, for
< — = N~ (==l i) .
which:
©g38 NN o determined values of DKI parameters were not significantly different
SS oS SACRE RS compared with the initial model (7 b-values);
£ NI MR o the acquisition time was shortest.
(= o I i 2] W N NN
= R RONN @ o N
< — o= - o © O o
3.3. Statistical analysis
=383 D n S All statistical analyses were performed in R (version 3.3.2, The R-
S oo o S oo o e
s HoH H 4 HoH 44 Foundation, Austria) [10]; p < 0.05 was considered statistically sig-
= B&GR 23R nificant. The Shapiro-Wilk test was used to test the normality of data.
¥ AR eeee DKI parameters calculated for subsets were compared with the para-
meters calculated for all 7 b-values (Wilcoxon signed rank test). Results
© oo N were expressed as median * standard deviation. The repeatability of
Secs  Zoco D,pp and Ky, calculated from particular subsets was assessed by the
e :rl :rl :,‘ ;l H : :,I :rl coefficient of variation (CoV). The relationships between DKI para-
2 eaxn ZRES meters were analysed using Spearman correlation coefficients. A cor-
relation coefficient was considered to be very good (r = 0.75-1.00),
moderate to good (r = 0.50-0.74); fair (r = 0.25-0.49), minimal
O O O M < O O
=0 o< el Bl (r = 0.01-0.24) or none (r < 0.01).
o O © o o © o o
~ HOoH HOH HOH H A
= 2888 SIRE 4. Results
< ~ N o~ o © © O
The median values and standard deviation of DKI parameters of the
agLy ® o on right liver lobe, left liver lobe, pancreatic head and tail calculated for 20
= ccS oS SACRE ] volunteers using a different number of b-values are summarised in
2| = HOH H HOH A A : : .
& 2 . S3ap Table 4. .In all studied regions Dapp e.md Kapp cllerlved fI'O.Il’l all seven b-
< bR e SSSa values did not show a significant difference in comparison with Dypp
s and K,p, derived from one subset of 4 b-values: 4 b (1) (b = 0, 500,
.8 1500, 2000 s/mm?) (Table 5). Additionally, for the pancreatic tail, no
é" E 5 S :‘;r f § § E TT; significant differences were observed for the subset of data 4 b (3)
—S I~ o4 4+ o4 4 ; (b = 0, 200, 750, 2000 s/mmz) and 4 b (€)) (b = 0, 500, 750, 2000 s/
E = RAqR SzRe |8 mm?). Moreover, no significant differences were found for the pan-
— — = .
ST N eeee | g creatic head for the subset of data 4 b (2) (b = 0, 200, 1500, 2000 s/
g & mm?) .
E 529« ©ang ; The coefficient of variation (CoV) of DKI parameters varied from 8%
4 sso g Sodso :. to 41% (Table 6). The lowest agreement was noted for pancreatic head
ol o~ HOH H HoHHH | R .
Rl = A cwawm | S (Dapp parameter) and for left lobe of the liver (Kapp pararflet.er).
8|3 bR, Pl e g Spearman correlation of DKI parameter for the association of 7 b-
2 54 values with different combinations of 4 b-values is presented in Table 7.
- ~ = . .
g L oo .o é A very good correlation for all analysed regions (r = 0.82-1.00) was
— — .
% E A R Tu observed in all subsets of data except 4 b (3) and 4 b (6).
i s ‘L HOH H 4 s | E Results obtained for only one subset of data (4b (1)) simultaneously
23| = TRERY BERE | & met two criteria: no statistical difference from results obtained for 7 b-
S| Y| g7~~~ g°°°° | 3§ values and very good correlation with them.
= Q I~ »
£ 5 £ g L
8 Ynow® Ywonwn & 5. Discussion
2 = B AN~ e 0 B B B =1
3 focococ £ socaoco k9]
T S H A g A By performing multiple b-value acquisitions and subsequent calcu-
< TRILR Toamsex j X i K X K K
'c% S5322 53333 | = lations of diffusion kurtosis derived parameters from several combina-
% 2 tions of reduced to four number of b-values, we attempted to find an
g " optimal combination in terms of accuracy and acquisition time. For all
§ g g g E analysed regions, we found no significant differences between D,, and
I kS kS = Kpp calculated from seven b-values and one combination of four b-
iRk g 4 values: 4 b (1) (b = 0, 500, 1500, 2000 s/mm?). Additionally, for pan-
% |3 E Sdre E Sdrw jl creatic tail, no significant differences were observed for subset of b-
= /= values: 0, 200, 750 and 2000 s/mm?. Other listed combinations showed



K. Pasicz, et al.

Table 5

Physica Medica 66 (2019) 119-123

p-Values obtained from Wilcoxon signed rank test of DKI parameters in each region of interest.

Subsets of data 7 bvs.4b(0) 7bvs.4b 7bvs4b(2) 7bvs.4b(3) 7bvs.4b(4) 7bvs.4b(5) 7bvs.4b(6) 7bvs.4b(7) 7bvs.4b(8) 7bvs.4b(9)
m

Position of ROI p-value of D,
RLL < 0.05 0.78 < 0.05 < 0.05 0.01 0.14 < 0.05 < 0.05 < 0.05 < 0.05
LLL < 0.05 0.47 < 0.05 < 0.05 0.05 0.67 < 0.05 < 0.05 0.06 < 0.05
PH < 0.05 0.76 0.87 0.07 0.25 0.52 < 0.05 < 0.05 0.70 < 0.05
PT < 0.05 0.81 < 0.05 0.12 0.70 0.76 < 0.05 < 0.05 0.31 < 0.05
Position of ROI p-value of K.,
RLL 0.05 0.05 0.10 < 0.05 < 0.05 < 0.05 0.10 < 0.05 < 0.05 < 0.05
LLL 0.17 0.50 < 0.05 < 0.05 < 0.05 < 0.05 0.41 0.28 < 0.05 < 0.05
PH 0.31 0.18 0.57 < 0.05 < 0.05 < 0.05 0.50 0.12 < 0.05 < 0.05
PT 0.22 0.08 0.90 0.13 0.10 < 0.05 0.09 < 0.05 0.05 < 0.05

RLL - right liver lobe, LLL - left liver lobe, PH — pancreatic head, PT - pancreatic tail.

Table 6

The coefficient of variation (CoV in %) of DKI parameters in each region of interest.
Subsets of data 7b 4Db(0) 4b (1) 4b(2) 4b(3) 4b(4) 4b (5 4b(6) 4b(7) 4b(8) 4b09)
Position of ROI CoV of Dypy, [%]
RLL 10 10 12 16 12 9 11 9 8 13 15
LLL 25 24 25 31 29 24 25 24 22 31 27
PH 36 30 42 34 34 41 40 28 29 34 44
PT 20 19 23 22 23 23 22 17 17 22 27
Position of ROI CoV of Kapp [%]
RLL 16 19 17 17 15 15 16 19 18 15 14
LLL 29 32 29 30 28 28 29 31 30 29 25
PH 24 27 24 36 22 23 26 24 24 30 25
PT 20 24 20 20 19 20 21 21 22 20 18

RLL - right liver lobe, LLL - left liver lobe, PH — pancreatic head, PT - pancreatic tail.

Table 7

Spearman correlation of DKI parameters in each region of interest for the association of 7 b-values with different combinations of 4 b-values, respectively.

Subsets of data 7 bvs.4b(0) 7bvs.4b(1) 7bvs.4b(2) 7bvs.4b(3) 7bvs.4b(4) 7bvs.4b(5) 7bvs.4b(6) 7bvs.4b(7) 7bvs.4b(8) 7bvs.4b(9)
Position of ROI Spearman correlation of D,

RLL 0.86 0.84 0.91 0.72 0.87 0.93 0.65 0.87 0.98 0.82
LLL 0.90 0.98 0.95 0.97 0.99 0.96 0.96 0.97 0.95 0.94
PH 0.87 0.94 0.89 0.95 0.96 0.97 0.85 0.88 0.95 0.92
PT 0.89 0.96 0.86 0.91 0.96 0.95 0.91 0.97 0.93 0.95
Position of ROI Spearman correlation of Kpp

RLL 0.99 0.99 0.95 0.95 1.00 1.00 0.99 0.99 0.98 0.89
LLL 0.99 1.00 0.98 0.99 0.99 1.00 0.98 0.99 0.98 0.97
PH 0.85 0.98 0.98 0.96 0.95 0.98 0.93 0.93 0.97 0.97
PT 0.93 0.99 0.95 0.94 0.97 0.97 0.94 0.95 0.97 0.93

RLL - right liver lobe, LLL - left liver lobe, PH — pancreatic head, PT - pancreatic tail.

significant differences. Determined values of DKI parameters for the
following subsets of data: 4 b (3),4 b (4),4b(5),4b(7),4b (8) and 4 b
(9) were significantly different compared with the initial model (seven
different b-values) (Table 5).

In order to quantify non-Gaussian water diffusion in DKI sequence
higher maximum b-value must be used compared to DWI sequence
[12]. For MRI of the brain maximum b-values of about 2000 to 3000 s/
mm? for DKI are appropriate [12]. A dataset with a large number of b-
values, a large number of diffusion directions, high maximum b-values,
and high SNR provides more accurate calculations of DKI parameters
[11]. In some investigations of DKI of the brain 6 b-values ranging from
0 to 2500 s/mm? in increments of 500 s/mm? were used [5]. Other
studies reported that DKI of the brain requires at least 3 b-values and 15
diffusion directions [12,13]. Kurtosis models for prostate were best
estimated using five to seven b values, including 0 s/mm?, 100 s/mm?
and 1900-2000 s/mm? [14]. However, a study in DKI of the liver was
successful using six b values and three directions of the motion-probing
gradient [3]. DKI parameters can be calculated from data containing 3
b-values at a minimum [11].

122

DKI may provide more accurate information about diffusion
[15,16]. Previous studies reported that DKI should be added to the
routine imaging protocol for screening cancer, with the highest diag-
nostic accuracy of diffusion coefficients [17]. Since DKI imaging relies
on the quantitative analysis of D,p, and K,pp, reproducibility of calcu-
lated DKI parameters remains crucial. For that reason, it is necessary to
standardise the imaging protocol. In the literature, some studies re-
ported different numbers of b-values and distinct diffusion gradient
directions required for the DKI sequence [3,4,8,15,18-21]. Studies fo-
cused on abdominal organs using three to thirteen b-values. The scan-
ning time varied from 4min and 56s to 20 min. Our study system-
atically evaluated the effect of the number of b-values on the results of
DKI-derived parameters. For this purpose, we compared the consecutive
results obtained for various combinations of b-values. Results obtained
for seven b-values were taken as reference. Application of more b-values
would prolong the examination time and could be difficult to imple-
ment in the clinical practice. However, further reduction of b-values to
estimate DKI parameters would be insufficient to capture the non-
Gaussian distribution behavior of molecular motion and therefore,
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received parameters would be potentially incorrect. Furthermore, an
inadequate number of applied b-values may negatively impact the ac-
quired DKI maps. Insufficient signal to noise ratio (SNR) and high noise
on the parametric maps may be an important barrier in the clinical
application of DKI [2]. In our study, the DKI parameters were calculated
from ROI data, which were placed on particular b-value images. This is
though time-consuming. In routine practice, the parametric maps
would be more useful.

The main limitations of this study were as follows. Firstly, the study
group was relatively small. Secondly, the study considered only healthy
patients and was limited to two organs: liver and pancreas. Third, we
used a maximum b-value of 2000s/mm?. In practice, the optimum
choice of maximum b-value, for DKI, is a compromise between preci-
sion and accuracy. In the future, combinations with maximum b-value
of 1500s/mm? should be investigated. Fourth the presented study
minimalize b-value up to four values. Future studies should be made to
further evaluate goodness of fit for different b-values.

In most papers (e.g. [4,8]) a non-linear fit to S(b) is performed
without additional weighting, which can be considered as using equal
weights. In this paper a different weighting was employed. It was as-
sumed in our study, that uncertainty of S(b) value measured in ROI was
equal to the standard deviation of S(b) in that ROI Since ROIs were
placed in non-uniform areas, standard deviation included not only
statistical noise, but also differences in the signal caused by the pre-
sence of the anatomical structures. Information on the noise level could
be obtained from another ROI, placed in a uniform area of the image.
This would be, however, affected by spatial non-uniformity of the noise
level [22]. A better estimate of noise could be taken from multiple
acquisitions [22,23]. Unfortunately, this approach would be counter-
productive, since the aim of the work was to shorten the acquisition
time. Proposed weighting scheme in our study may result in higher
weights for high b-values. This may be desirable since in DKI we are
particularly interested in quantifying kurtosis effect, which is ob-
servable for high b-values. It should be also reminded, that NSA for
large b-values was increased. Clinical studies on oncology patients have
already been carried out in our institute to validate the proposed fitting
scheme. Preliminary results are promising and will be the subject of
another publication.

In conclusion, we think that the proposed optimal set of four b-va-
lues: 0, 500, 1500 and 2000 s/mm? may be applied in routine practice.
Reduction of the number of applied b-values significantly saves time by
up to 36% compared to the full study protocol without affecting DKI
parameters.
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