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Abstract

Background: Parameters from diffusion-weighted imaging (DWVI) have been increasingly used as imaging biomarkers for
the diagnosis and monitoring of treatment responses in cancer. The consistency of DWI measurements across different
centers remains uncertain, which limits the widespread use of quantitative DWI in clinical settings.

Purpose: To investigate the consistency of quantitative metrics derived from DWI between different scanners in a multi-
center clinical setting.

Material and Methods: A total of 193 patients with cervical cancer from four scanners (MRI1, MRI2, MRI3, and MRI4)
at three centers were included in this retrospective study. DWI data were processed using the mono-exponential and
intravoxel incoherent motion (IVIM) model, yielding the following parameters: apparent diffusion coefficient (ADC);
true diffusion coefficient (D); pseudo-diffusion coefficient (D*); perfusion fraction (f); and the product of f and D*
(fD*). Various parameters of cervical cancer obtained from different scanners were compared.

Results: The parameters D and ADC derived from MRII and MRI2 were significantly different from those derived from
MRI3 or MRI4 (P <0.01 for all comparisons). However, there was no significant difference in cervical cancer perfusion
parameters (D* and fD*) between the different scanners (P >0.05). The P values of comparisons of all DWI parameters
(D, D*, fD*, and ADC) between MRI3 and MRI4 (same vendor in different centers) for cervical cancer were all >0.05,
except for f (P=0.05).

Conclusion: Scanners of the same model by the same vendor can yield close measurements of the ADC and IVIM para-
meters. The perfusion parameters showed higher consistency among the different scanners.
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scanner platform, analysis method, and post-processing
software (3,4,6,7,14-22).

Several studies have been conducted on the repeatability
and reproducibility of quantitative DWI measurements
(3,4,7,19-21). The test-retest repeatability of ADC mea-
surements was evaluated in 23 patients with lung cancer
examined in four institutions (three MRI vendors), and sat-
isfactory repeatability and robustness to changes in postpro-
cessing software have been reported (20). However, the
study by Ghosh et al. showed that there was a statistically
significant difference in the absolute ADC values obtained
using different postprocessing software (21). Newitt et al.
evaluated the repeatability and reproducibility of breast
tumor ADC in a cohort of 89 women from nine institutions
undergoing neoadjuvant chemotherapy for invasive breast
cancer and concluded that breast tumor ADC could be mea-
sured with excellent repeatability and reproducibility in a
multi-institution setting using a standardized protocol
(19). However, these studies did not address the measure-
ment variability between scanners.

Kivrak et al. compared ADC values among six 1.5-T
MRI scanners from different vendors using a custom-made
phantom solution consisting of distilled water and found
that ADC values might differ among different MRI
systems (15). Kolff-Gart et al. investigated the reproducibil-
ity of ADC values in the head and neck region by studying
seven healthy individuals on five MRI scanners with echo-
planar imaging (EPI) and turbo spin-echo (TSE) sequences
and found that ADC values were more precise if individuals
were measured on the same MRI system with the same
sequence and that ADC values differed significantly
between MRI systems and sequences (16). Nevertheless,
these studies were performed using phantoms or only a
small number of healthy volunteers without lesions with
diffusion anomalies, and the findings might not be applic-
able to patients with cancer.

The consistency of quantitative DWI measurements
across different centers remains uncertain, limiting the
widespread use of quantitative DWI in clinical settings.
The aim of the present study was to investigate the differ-
ences in ADC and IVIM parameters in patients with cer-
vical cancer, as measured in a multicenter clinical setting
using MRI scanners from different vendors.

Material and Methods

Study population

This retrospective study was approved by the local ethics
review boards of the participating institutions. A total of
283 consecutive female patients who were diagnosed with
cervical carcinoma by surgical pathology or biopsy and
underwent MRI examination at one of the three centers
between April 2016 and May 2021 were reviewed in this
study. The inclusion criteria were as follows: (i) clinical

symptoms and cervical carcinoma diagnosed by histo-
logical examination; (ii) no history of chemoradiotherapy
or surgery before MRI examination; and (iii) acceptable
quality of MR images. Patients were excluded for the fol-
lowing reasons: (i) poor image quality of DWI, such as sig-
nificant motion artifacts or incomplete images (n = 30); (ii)
history of targeted chemotherapy or radiation therapy
before examination (n=20); (iii) history of biopsy before
examination (n=35); and (iv) diagnosis of other cervical
lesions, such as submucosal leiomyoma (n=15) of the
uterus and endometrial carcinoma (n=20).

Imaging protocol. All MRI examinations were performed
using one of the following scanners at the participating
centers: a 3-T General Electric scanner (Discovery 750;
GE Healthcare, Waukesha, WI, USA) at center 1; a 1.5-T
Philips scanner (Achieva; Philips Healthcare, Best, The
Netherlands) and a 3-T Siemens scanner (Skyra; Siemens
AG, Erlangen, Germany) at center 2; and a 3-T Siemens
scanner (Skyra; Siemens AG, Erlangen, Germany) at
center 3, which were denoted as MRI1, MRI2, MRI3, and
MRI4, respectively. Routine clinical images comprising
T1-, T2-, and diffusion-weighted images were acquired.
The parameter settings of the DWI protocols implemented
using the different scanners are listed in Table 1.

Image processing

Region-of-interest (ROI) delineation was performed on
consecutive DWI slices independently by two experienced
observers (with 13 and 15 years of experience) with refer-
ence to routine clinical scans (Fig. 1a). The size of the
ROI was not less than 10 voxels to ensure robustness of
the measurement. Areas of necrosis, cysts, and hemor-
rhages were avoided when drawing the lesion ROlIs.
Observers were blinded to the histopathological results.
After manual delineation of all the datasets, each case
was read by both observers to ensure high-quality measure-
ments. Different opinions were resolved by consensus with
a third observer when necessary. To reduce the impact of the
differences in b-values on the measured quantitative DWI
metrics, small b-values (10, 20, and 150 s/mm?) and large
b-values (1500 s/mm?) were not included in the calculation.

DW images were analyzed using computer-aided
software for DWI data analytics (Mltalytics; FITPU
Healthcare, Singapore). The following DWI parameters
were derived: ADC from a mono-exponential model; diffu-
sion coefficient (D); pseudo-diffusion coefficient (D*); per-
fusion fraction (f); and fD* from IVIM. Representative
parameter maps are shown in Fig. 1b—f.

ADC was calculated by fitting a mono-exponential

model with all b-values <1000 s/mm?.

S
S_z = exp(—bD)



Wang et al.

853

Table |. Parameter setting of DWI protocol in different MRI scanners.

MRI| MRI2 MRI3 MRI4
Vendor GE Philips Siemens Siemens
Model Discovery 750 Achieva Skyra Skyra
Field strength (T) 3.0 1.5 3.0 3.0
DWI protocol
TE (ms) 74 66 58 85
TR (ms) 2400 3000 4100 4800
Percent phase 80 79 80 100
FOV (%)
Matrix 192 % 160 116x116 140x 112 128 x 109
Slice thickness 5 5 5 5
(mm)
No. of b-values 6 6 9 12
b-value (ssmm?) 0, 30,100, 200, 400, 0, 50,100, 200, 400, O, 10, 30, 50,100, 150, 200, O, 10, 20, 30, 50, 70, 100, 150, 200,
1000 1000 400, 1000 400, 800, 1500

DWI, diffusion-weighted imaging; FOV, field of view; MRI, magnetic resonance imaging; TE, echo time; TR, rotation time.

Fig. 1. The DWI (b= 1000 s/mm?) of a 50-year-old woman with stage Ill cervix cancer (grade 3) as scanned using MRII. (a) The ROI of
cervix cancer (red circular) was manually drawn on each consecutive slice. (b) ADC map from a mono-exponential model. (c—f)
diffusion coefficient (D), pseudodiffusion coefficient (D*), perfusion fraction (f), and fD* maps from IVIM. ADC, apparent diffusion
coefficient; DWI, diffusion-weighted imaging; IVIM, intravoxel incoherent motion; ROI, region of interest.

where S, is the signal intensity of diffusion weighting b.
IVIM is given by:
Sp

S (1 = f)exp(—bD) + f exp(—b(D*+D))

where D is the diffusion coefficient associated with water
diffusion in the extravascular space, D* is the pseudo-
diffusion coefficient related to perfusion in the vascular
space, and f is the perfusion fraction. Thus, IVIM simultan-
eously estimates both diffusion (D) and perfusion para-
meters (D* and f). Considering that D* is markedly larger
than D, the above equation is dominated by a mono-
exponential function involving only D at b values >200 s/
mm?”. A segmented two-step approach for estimating the
IVIM parameters proposed by (1) was implemented,

where D was calculated by mono-exponentially fitting the
signal intensities at b-values >200 s/mm>. Then, with a
fixed value of D, D* and f were estimated by fitting the
signal intensities at all b-values <1000 s/mm® in the
bi-exponential function.

Statistical analysis

Voxels in the ROIs of all slices from each patient were pooled
together, and the median parameter value was taken as the
representative value. DWI parameters (D, f, D*, {D*, ADC)
of cervical cancer in the three clinical centers showed
uneven variances by homogeneity test of variance; therefore,
the Kruskal-Wallis univariate ANOVA (K samples) method
was used to compare various parameters in different centers.
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Box plots were used to visualize the differences in the distri-
bution of the corresponding parameter measurements at dif-
ferent centers. To reduce the impact of differences in
patient demographics between samples, further comparisons
were conducted between the scanners using cervical cancer
data with the same degree of differentiation. The Mann—
Whitney U test was performed to assess the differences in
DWI parameters of moderately differentiated cervical
cancer between MRI1 and MRI4 and DWI parameters of
low-differentiated cervical cancer between MRI2 and
MRI3. Coefficient of variation (CoV) was computed to
measure the degree of reproducibility. P <0.05 indicated stat-
istical significance. Statistical analyses were performed using
SPSS version 21.0 (IBM Corp., Armonk, NY, USA).

Results

Study population

Of the 283 cases, 193 met the inclusion criteria and formed
the final study cohort with a mean age of 55.2 years (age
range = 35-75 years), 48.4 years (age range = 31-72
years), 48 years (age range = 31-75 years), and 52.1
years (age range = 33-72 years) in MRI1, MRI2, MRI3,
and MRI4, respectively (Fig. 2). Patient characteristics are
summarized in Table 2.

Inter-scanner comparison on DWI parameters (D, f,
D* fD* ADC()

The measured values of the DWI parameters (D, f, D*, {D*,
and ADC) in cervical carcinoma were obtained.
The distributions of DWI parameters were visualized

using box plots and are shown in Fig. 3 for cervical
cancer tissue, where the differences among various para-
meters in different centers were assessed by Kruskal—
Wallis univariate ANOVA (K samples), as indicated by
the P values. The P values of comparisons of all DWI para-
meters (D, D*, fD*, and ADC) between MRI3 and MRI4 in
cervical cancer tissue were all >0.05, except for f (P=
0.05), indicating that there was no significant difference
in the measurements by these two MRI scanners. In con-
trast, when comparing the values of parameters D, f, and
ADC derived from MRI2 with those derived from MRI3
or MRI4, the differences were significant (P <0.01 for all
comparisons). Similarly, the measured values of parameter
D and ADC from MRII in cervical cancer tissues were
significantly different from those of MRI3 and MRI4
(P <0.01 for all comparisons). However, there was no sig-
nificant difference in all cervical cancer perfusion para-
meters (D*, fD*) between different scanners from
different centers (P >0.05) (Table 3).

Inter-scanner comparison on DWI parameters in the
same grade of cervical cancer

In the above comparison, the findings could be affected by
the differences in patient demographics associated with dif-
ferent scanners. To reduce this effect, further comparisons
were performed using the cervical cancer data with the
same degree of differentiation. MRI3 and MRI4 are the
same type of scanner from the same manufacturer, and
DWI parameters (D, f, D*, fD*, ADC) from these two scan-
ners showed no significant differences (P >0.05); hence,
data from these two scanners were combined and explored
for differences with respect to MRII in grade 2 cervical

Consecutive patients diagnosed with cervical carcinoma by surgical
pathology or biopsy in three centers from April 2016 to May 2021 (n=283 )

Excluded (n=60):

 patients with a history of targeted chemotherapy or radiation
therapy before examination (n=20)

 patients with a history of biopsy before examination (n=5)

 patients diagnosed with submucous leimyoma of the uterus
(n=15) and endometrial carcinoma (n=20)

Analysis of preoperative of DWI-MRI (n=223) |

poor image quality of DWI such
as significant motion artifacts or
incomplete images (n=30)

Final cohort in this study (n=193) |

Fig. 2. Flow chart of patient population.
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Table 2. Patient demography of this study.

Characteristics MRII (n = 58) MRI2 (n = 55) MRI3 (n = 27) MRI4 (n = 53)
Age (years) 55.2 (35-75) 484 (31-72) 48.0 (31-75) 52.1 33-72)
Histologic type
SCC 56 45 20 46
Adenocarcinoma 2 7 4 4
Adenosquamous carcinoma 0 3 3 3
Grade
Gl 14 3 3 2
G2 23 5 5 26
G3 3 35 15 I
Not graded 18 12 4 14
Clinic stage
Ia 6 6 2 0
Ib 23 36 15 13
Ia I5 8 5 19
Ib 7 3 3 5
Ma 4 2 2 2
Mc 2 0 0 10
Va I 0 0 3
Vb 0 0 0 |
Treatment before MR examination
Chemoradiotheraphy 0 0 0 0
Surgery 0 0 0 0

Values are given as n or median (range).

DWI, diffusion-weighted imaging; MRI, magnetic resonance imaging; SCC, squamous cell carcinoma.

Table 3. Inter-scanner comparison of DWI parameters (P values) using the Kruskal-Wallis ANOVA test.

D (10°mm?/s) F D* (10°mm?/s) fD* (10-3mm?/s) ADC (1073mm?/s)
Kruskal-Wallis ANOVA <0.001 <0.001 0.557 0.157 <0.001
MRI1-MRI2 0.332 <0.001 - - 0.598
MRII-MRI3 0.003 0.207 - - <0.001
MRI|-MRI4 <0.00| 0.351 - - <0.001
MRI2-MRI3 <0.001 <0.001 - - 0.001
MRI2-MRI4 <0.001 0.003 - - <0.001
MRI3-MRI4 0.380 0.05 - - 0.099

ADC, apparent diffusion coefficient; ANOVA, analysis of variance; DWI, diffusion-weighted imaging; MRI, magnetic resonance imaging.

cancer and the difference with MRI2 in grade 3 cervical
cancer. The measured values of DWI parameters (D, f,
D*, fD*, and ADC) in these grades of cervical cancer
tissue from the respective scanners are summarized in
Table 4, where the Mann—Whitney U test results and coef-
ficients of variation are also presented. It can be observed
that the values were significantly different in both grade 2
and grade 3 cervical cancer groups (P <0.001). The differ-
ence in parameter D was significant in grade 3 cervical
cancer (P <0.001), but not in grade 2 cervical cancer (P =
0.107). There were no significant differences in any of the
perfusion parameters (f, D*, and fD*) (P >0.2). CoV was
comparatively larger in ADC than in IVIM. The box plots

in Fig. 4 show the distributions of ADC and IVIM para-
meters in these comparisons.

Discussion

This study investigated the differences in ADC and IVIM
parameters in patients with cervical cancer measured inde-
pendently using MRI scanners from different vendors,
which has rarely been reported in the literature but is import-
ant for the adoption of this technique in clinical practice. The
results showed that scanners of the same model by the same
vendor (MRI3 vs. MRI4) could yield close measurements of



856

Acta Radiologica 65(7)

18}

14

ADC D
16 |
- 12 -
144 T : T
12 - 3 1 ‘ H Q
. T Q Q Q {os B Q T B
o B 5 i b '
o g
04
04}
MRI1 MRD2 MRI3 MRI4 MRI1 MRI2 MRI3 MRI4
7 ]
s D* ﬂ:)#
o T 6 T _
o T
: 6 i : 1
o - i
- E 4 H - 5 E 1
L i : : i
20t i : 3 E 1
: =l .
H - 2 T ! 1
o 1 o ] i 7
5| b i _L 1 i 4 = _‘_ 1
MRI1 MRD2 MRI3 MRI4 MRI1 MRDI2 MRI3 MRI4
f
03
0.25
018} E E B
. ... ‘ ! T
005 =
MRI1 MRD2 MRI3 MRI4

Fig. 3. Box plots of the distributions of DWI parameter (ADC, D, f, D*, fD*) measurements of cervical cancer tissue using four MRI
scanners (GE 750, Philips Achieva, Siemens Skyra, and Siemens Skyra) from three centers. ADC, apparent diffusion coefficient; DWI,

diffusion-weighted imaging; MRI, magnetic resonance imaging.

ADC and IVIM parameters, and perfusion parameters
attained higher consistency among all the different scanners.

The values of ADC and D differed significantly between
scanners from different vendors in cervical cancer tissue (P
<0.01 for all comparisons) except for ADC and D between
GE 750 and Philips Achieva (P =0.598 and 0.332, respect-
ively) and D in grade 2 cervical cancer between GE 750 and
Siemens Skyra (P=0.107). This finding was in agreement
with the results in previous studies (15,16), where ADC
values were more precise if individuals were measured on
the same MR system with the same sequence, and that
ADC values differed significantly between MR systems
and sequences. A possible explanation for this result is as

follows: even when acquisition and analysis methods are
standardized between centers, differences remain in the
imaging settings of gradient pulses between the MR scan-
ners. In quantitative DWI, the diffusion gradients were
characterized using the b-value.

b:qz(A—§>

where ¢> describes the gradient pulses and depends on the
amplitude G, duration of diffusion gradients 6, time interval
between diffusion-sensitizing gradients A, and #p =
(A — 6/3) represents the diffusion time. Evidently, the
same b-value does not imply that the diffusion time and
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Table 4. Measured values of DWI parameters in different grades of cervical cancer tissue from various scanners, the results of Mann—

Whitney U test and CoV.

D (107> mm?%s) F

D* (10~*mm?s) fD* (1073mm?/s) ADC (10~*mm?s)

Grade 2

MRII (n = 23) 0.85 + 0.08 0.14 + 0.04
MRI3 + MRI4 (n = 31) 095+ 1.18 0.15 + 0.07
P value 0.107 0.826

CoV (%) 32 4.5

Grade 3

MRI2 (n = 35) 0.80 + 0.11 0.15 + 0.02
MRI3 + MRI4 (n = 26) 0.95 + 0.20 0.14 + 0.06
P value <0.001 0.208

CoV (%) 73 6.4

21.74 + 10.51 327 + 1.95 0.92 + 0.08
26.19 + 18.11 4.04 + 3.58 .13 +0.25
0.733 0.922 <0.001

4.1 6.0 79

17.56 + 6.66 292 + 1.02 0.88 + 0.12
21.94 + 19.57 324 + 273 .12 +0.29
0.680 0310 <0.001

2.0 10.4 1.2

Values are given as mean =+ SD unless otherwise indicated.

CoV, coefficient of variation; DWI, diffusion-weighted imaging; MRI, magnetic resonance imaging; SD, standard deviation.

gradient pulses are the same. In DWTI settings, A can be
adjusted with a corresponding change in the G value such
that b and & remain constant (23). It was found that only
a slight change in the signal intensity of normal tissue
was observed with a longer interval A and the same
b-value; however, the signal intensity of tissue with
restricted diffusion in tumor tissue increased by 140%
(24), indicating that DWI signals are specifically A
-dependent in tumor tissue, which could be overlooked
by test-retest scans in studies using phantoms or volun-
teers. This might account for the significant differences in
the ADC and D measurements of cervical cancer tissue
between scanners from different vendors, as observed in
this study. It should be noted that the values of ADC and
IVIM parameters of cervical cancer tissue between
Siemens Skyra of center 2 and Siemens Skyra of center 3
were similar (P >0.05), which could be because both scan-
ners were the same model from the same vendor and hence
had similar gradient pulses and imaging settings.

A critical review of the variety of acquisition and ana-
lysis methodologies in ADC employed at different
centers was provided in a previous study by deSouza
et al. (25). The ADC values were hardly comparable
between centers, which limits the utility of ADC as a bio-
marker and casts doubt on the favorable results of multi-
center trials using ADC. DeSouza et al. (25) discussed
hardware and software considerations when implementing
standardized protocols across multivendor platforms,
together with methods for quality assurance and quality
control, and proposed building an international consensus
on procedures for successful validation of ADC. Based
on the present study, it is essential for vendors to have a
consensus on gradient pulses and other imaging settings
for the implementation of quantitative DWI.

Alternatively, it is crucial to develop more precise dif-
fusion models to analyze the quantitative DWI data.
Common diffusion models for DWI are based on the

Stejkal-Tanner pulse sequence, assuming no restriction
on diffusion, and describe the diffusion of water molecules
in tissue using a Gaussian distribution, leading to an expo-
nential decay of the DWI signal intensity with respect to
the b-value. However, the physical mode of diffusion in
tissues is complicated by the variety of tissue microstruc-
tures and presence of other transport processes. Diffusion
can be restricted within a confined space (such as cells) or
hindered in the extracellular space. The signal can also be
affected by blood perfusion or water exchange between
cell membranes. As shown in the study by Hope et al.
(24), both the primary tumor site with high cell density
and the intermediate region with intermediate cell density
demonstrated a strong dependence on A, whereas the
b-value was fixed, illustrating the non-Gaussian distribution
of water molecule diffusion in cancer tissue. Although
models have been proposed to address this non-Gaussian
issue, such as stretched exponential (26), kurtosis imaging
(27), and restriction spectrum imaging (28), limited efforts
have considered the impact of imaging gradient pulses
or other imaging settings on the modeling of quantitative
DWI data (24).

It is interesting to note that IVIM perfusion parameters
tended to show higher consistency between scanners than
ADC and D (Table 4). No significant difference was
observed in the cervical cancer perfusion parameters
(D*, fD*) between different scanners from different
centers (P >0.05). Comparatively, the consistency
between scanners for another perfusion parameter (f)
varied from P <0.01 to P >0.05, which could result
from the impact of estimation of D on f, because f essen-
tially weighs the different contributions from the true dif-
fusion of water molecules and the pseudo-diffusion from
blood flow. The IVIM is a special form of the
bi-exponential model that differentiates pseudo-diffusion
due to blood microcirculation in the capillary network
from the true diffusion of water molecules in the tissue.
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Fig. 4. Box plots of DWI parameter (ADC, D, f, D¥, fD*) measurements of cervical cancer tissue between MRI scanners with the
same grade of cervical cancer (GE 750 vs. Siemens Skyra for G2; Philips Achieva vs. Siemens Skyra for G3), where G2 stands for grade 2
and G3 for grade 3. P values indicated the results of the Mann—Whitney U test. ADC, apparent diffusion coefficient; DWVI,

diffusion-weighted imaging; MRI, magnetic resonance imaging.

The observed higher consistency of perfusion parameters
between the scanners suggests that the estimation of these
parameters was less affected by the diffusion gradient
pulses, which could shed light on the development of
more advanced diffusion models in the future.

The present study has some limitations. Compared to
phantom studies or repeated scans of volunteers, using
patient data scanned independently is prone to variations
in patient characteristics. This issue was addressed in this
study by comparing subsets of patient data from the
same grade. Nevertheless, the preliminary findings in
the present study need to be further validated in a larger-

scale study where the samples collected by different scan-
ners would be more balanced in terms of patient demog-
raphy. It can be seen that with sufficiently large sample
sizes, the findings would converge to those with repeated
scans of patients.

In conclusion, the perfusion parameters from IVIM
attained higher consistency between the scanners. The mea-
sured ADC and D values showed significant differences
between the scanners of the different vendors. This difference
could be due to the association of the diffusion signal and
imaging gradient pulse settings, as well as the non-Gaussian
distribution of water molecular diffusion in the tissue.
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