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Abstract
Objectives Multicenter oncology trials increasingly includeMRI examinationswith apparent diffusion coefficient (ADC) quantification
for lesion characterization and follow-up. However, the repeatability and reproducibility (R&R) limits above which a true change in
ADC can be considered relevant are poorly defined. This study assessed these limits in a standardized whole-body (WB)-MRI protocol.
Methods A prospective, multicenter study was performed at three centers equipped with the same 3.0-T scanners to test a WB-
MRI protocol including diffusion-weighted imaging (DWI). Eight healthy volunteers per center were enrolled to undergo test and
retest examinations in the same center and a third examination in another center. ADC variability was assessed in multiple organs
by two readers using two-way mixed ANOVA, Bland-Altman plots, coefficient of variation (CoV), and the upper limit of the
95% CI on repeatability (RC) and reproducibility (RDC) coefficients.
Results CoV of ADC was not influenced by other factors (center, reader) than the organ. Based on the upper limit of the
95% CI on RC and RDC (from both readers), a change in ADC in an individual patient must be superior to 12%
(cerebrum white matter), 16% (paraspinal muscle), 22% (renal cortex), 26% (central and peripheral zones of the
prostate), 29% (renal medulla), 35% (liver), 45% (spleen), 50% (posterior iliac crest), 66% (L5 vertebra), 68% (femur),
and 94% (acetabulum) to be significant.
Conclusions This study proposes R&R limits above which ADC changes can be considered as a reliable quantitative endpoint to
assess disease or treatment-related changes in the tissue microstructure in the setting of multicenter WB-MRI trials.
Key Points
• The present study showed the range of R&R of ADC in WB-MRI that may be achieved in a multicenter framework when a
standardized protocol is deployed.

• R&R was not influenced by the site of acquisition of DW images.
• Clinically significant changes in ADC measured in a multicenter WB-MRI protocol performed with the same type of MRI
scanner must be superior to 12% (cerebrum white matter), 16% (paraspinal muscle), 22% (renal cortex), 26% (central zone
and peripheral zone of prostate), 29% (renal medulla), 35% (liver), 45% (spleen), 50% (posterior iliac crest), 66% (L5
vertebra), 68% (femur), and 94% (acetabulum) to be detected with a 95% confidence level.
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Abbreviations
95% CI 95% confidence interval
ADC Apparent diffusion coefficient
CoV Coefficient of variation
DICOM Digital Imaging and Communications in Medicine
DWI Diffusion-weighted imaging
LoA Limits of agreement
R&R Repeatability and reproducibility
RC Repeatability coefficient
RDC Reproducibility coefficient
ROI Region of interest
WB Whole body

Introduction

Whole-body (WB)-MRI with diffusion-weighted imag-
ing (DWI) is a sensitive tool for visual detection of ab-
normal foci within bones and soft tissue, in cancer and
inflammatory diseases [1–16]. The evaluation of appar-
ent diffusion coefficient (ADC) derived from DWI is
used for lesion characterization and assessment of the
response to treatment [17]. However, how ADC is affect-
ed by disease or treatment is still poorly understood.
Thus, its suitability as a quantitative imaging biomarker
of tissue microstructure remains to be determined, and
measurement reliability remains a central issue [18–21].
Three questions must be addressed: To what extent is
ADC specific for the underlying microstructure? How
should it be measured? How reliable is the measurement?

Reliability refers to high repeatability and reproducibility
(R&R) of diffusion measurements. The in vitro R&R of ADC
has been evaluated via an ice-water phantom, and both R&R
measurements have been estimated in the range of 5% [22], with
differences of only a few percentage points between centers
[23–25]. Although no significant effect of field strength is ob-
served with standard b values [26], an increase in ADC values
for increasing b values has been reported [22]. Additionally, ADC
depends on the diffusion gradient direction and spatial positioning
of the region of interest (ROI) relatively to the scanner isocenter
[23, 27]. Previous studies have shown that the reproducibility
decreases at 3.0 T in abdominal regions [26, 28]. In vivo, a
discrepancy remains in the literature regarding R&R of ADC
[29].

These results indicate that the hardware and analysis method-
ology inDWI affectmeasurements andR&RofADC.Hardware
issues are related to scanner and coil technologies specific to
MRI manufacturers, which vary in gradient performances and
definition of acquisition parameters [21, 27]. Issues in analysis
methodology result from selection of DWI sequences, lack of
standardized Digital Imaging and Communications in Medicine
(DICOM) tags for storing acquisition parameters andADCmaps
[30], and the processing implemented to compute the ADC map

[31, 32]. An additional factor is whether spatial alignment be-
tween MRI examinations and automated segmentation of the
ROI is performed [33–35].

The current study assessed the in vivo R&R of ADC inWB-
MRI when hardware and analysis methodology are kept con-
stant, canceling any bias from the contribution of these two
factors to R&R of ADC, and thus improving the applicability
of the present results by other centers performing trials using the
same imaging method on the same MRI scanner. To achieve
this objective, healthy volunteers were recruited who did not
report any symptoms or previous serious medical history, and
an ice-water phantom (fixed at 0 °C temperature) was used.

Materials and methods

Study design

A multicenter platform set up to conduct oncological imaging
trials (PICRIB, Platform for Imaging in Clinical Research in
Brussels), including 3 universities and the European
Organization for Research and Treatment of Cancer (EORTC),
was used for the study. Between November 2016 and July 2017,
24 healthy, asymptomatic volunteers were prospectively recruit-
ed to undergoWB-MRI examinations; these comprised 10wom-
en (mean (range) age, 38 (25–54) years) and 14 men (mean
(range) age, 37 (23–57) years) from three university hospitals
(designated C1, C2, and C3). Written informed consent
was obtained from all patients. Institutional review boards
from each center approved the protocol and consent form.
Each center recruited eight volunteers among its staff who
underwent two consecutive MRI scans (tests 1 and 2) at the
recruiting institution and an additional scan (test 3) at an
alternative center. Test 1 and 2 examinations were per-
formed 1 h apart, whereas test 3 was performed on either
the same day (n = 16) or within 7 days (n = 8).

MRI protocol

The study followed the general framework proposed by the
Quantitative ImagingBiomarker (QIB)Alliance (QIBA) tomake
confident claims on the magnitude of a (true) change in the ADC
that may be detected [36]. Therefore, the same imaging method
on the same MRI scanner and the same analysis methodology
were used at each imaging session. As no model-specific param-
eters for acquisition of WB-DWI are provided yet by QIBA, a
protocol previously optimized for quantitative study of bone and
soft tissue metastases was implemented [37]. Thus, each center
used the same scanner (Philips Ingenia 3.0 T, software versions
5.1.7/5.1.7.2 at C1/C3 and 5.3.0/5.3.0.3 at C2) and followed the
same WB-MRI acquisition protocol: bore diameter, 70 cm; gra-
dients, 45 mT m−1, 200 T m−1 s−1; and dual radiofrequency
transmit system. The body coil was used for transmission, and
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multichannel coils (with a maximum of 108 channels) were used
for reception, as follows: FlexCoverage Posterior coil (integrated
in the tabletop); FlexCoverageAnterior coils; HeadNeck coil and
base (posterior part of HeadNeck coil on tabletop). Table 1 out-
lines acquisition parameters for morphologic WB 3D T1-
weighted and functional WB-DWI sequences [37].
Anonymized DICOM images and ADC maps were stored in
the picture archiving and communication system (PACS) at
one center (C1) for a standardized central analysis.

Image analysis

Two independent readers (with 19 and 3 years of experience,
respectively) used ImageJ software (version 1.45 [NIH]) to de-
lineate 2D ROIs. Mean size (all readers and readings included)
of the ROIs was 165 mm2 in the prostate central zone (CZ), 184
mm2 in the prostate peripheral zone (PZ), 222 mm2 in the renal
medulla, 259 mm2 in the renal cortex, 259 mm2 in the spleen,
259mm2 in the posterior iliac crest, 338mm2 in the muscle, 338
mm2 in the L5 vertebral body, 338 mm2 in the femur, 338 mm2

in the acetabulum, 410 mm2 in the liver, 249 mm2 in the cere-
brum white matter on ADC maps using T1-weighted images as
visual reference. ROIs delineated during tests 2 and 3 were
positioned on the same slice (and same area of the organ) than
the ROI delineated during test 1, after taking into account pos-
sible patient movement and differences in slice orientation due
to slight differences in patient position in the multichannel coils.

Care was taken to select a homogeneous signal region without
blood vessels and recognizable artifacts. The paraspinal muscle,
prostate, liver, kidney, spleen, L5 vertebra, supra-acetabular
bone (acetabulum), posterior iliac crest (ilium), femur, andwhite
matter (cerebrum) were assessed. For the prostate, ROIs were
first delineated on the b0 image and then replicated on the ADC
map.

MRI phantom

To assess the accuracy of tissue diffusion measurements, we
obtained phantom diffusion measurements by using a bottle
filled with distilled ice-water inside a tube [17]. At thermal
equilibrium (0 °C), the diffusion coefficient of water is D =
1099 × 10−6 mm2 s−1 [22]. Measurements were performed
in each center, for the first station of the WB-DWI se-
quence using the HeadNeck coil only, because of the lim-
ited size of the phantom. R&R was estimated from four
scans with a circular ROI of 80 pixels from inside the
water tube on ADC maps with a fixed axial slice. ADC
maps were created using software provided by the MRI
manufacturer.

Statistical analysis

Analysis was performed with MedCalc software (version
19.0.3). ADC variations were assessed according to the

Table 1 Acquisition parameters
Characteristic Functional sequence Morphologic sequence

WB-DWI WB 3D T1-weighted imaging

Acquisition time 15.8 min 11.2 min (3 × 3.7 min)

Sequence Diffusion-EPI (single shot/single spin echo) 3D SPACE (turbo spin echo)

Plane Axial Coronal

Slices/thickness/gap 185 (35 + 3 × 50)/6 mm/0.1 mm 3 × 210/1.2 mm/—

FOV/acquisition matrix 440 mm × 352 mm/98 × 78 500 mm × 300 mm/440 × 230

Number of stations 4* 4*

Coverage in z-axis 1128 mm 900 mm

Phase encoding Anterior-posterior Feet-head

SENSE factor 3 1.7 × 2.5

Phase oversampling 0 1.3

TR/TE/NSA/TF 6048 ms/66 ms/1/— 330 ms/21 ms/2/50

Flip angle 90° 90°/variable

Bandwidth (read out) 4198 Hz/pixel 1052 Hz/pixel

Fat suppression technique IR (TI = 250 ms) —

Specific parameters b values: 0/150/1000 s mm−2 —

Gradient directions 3 orthogonal (trace) —

Diffusion time (δ, Δ) (21.9 ms/33.2 ms) —

FOV, field of view; TR, repetition time; TE, echo time; NSA, number of signal averages; TF, turbo factor; SENSE,
SENSitivity Encoding

δ, duration of diffusion gradient lobe; Δ, time between centers of the two diffusion gradient lobes

*Phantom measurements were only performed for the first station using the HeadNeck coil
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Bland-Altman methodology [38]. Mean bias and limits of
agreement (LoA defined as mean bias ± 1.96*standard devi-
ation (SD) on paired differences) were derived from each
Bland-Altman plot. The regression line of paired differences
was also computed to investigate proportional differences
with the magnitude of ADC.

Coefficient of variation (CoV) was estimated as CoV =
SD divided by mean (%). The repeatability coefficient
(RC), measuring ADC variations when the MRI scanner
is constant, and the reproducibility coefficient (RDC), mea-
suring ADC variations when different MRI scanners are
used, were derived from the LoA (Supplemental Materials
Methods). Note that RC per center and overall (all centers
combined) was assessed from tests 1 and 2. RDC per pair of
centers and overall (all centers combined) was assessed
from tests 1 and 3.

The highest RC coefficient observed from both readers
(corresponding to the worst case scenario in terms of repeat-
ability) was identified for each organ. The upper limit of the
associated 95% CI was considered as defining the R&R limit
above which a clinically significant change in ADC in an

individual patient can be detected with confidence when the
sameMRI scanner is used. The same reasoning was applied to
the RDC coefficient to assess the R&R limit above which a
clinically significant change in ADC can be detected when
different MRI scanners are used.

The following statistical tests were finally performed. The
significance level of these tests was adjusted according to the
number of comparisons that were performed (Bonferroni cor-
rection). First, a Wilcoxon signed-rank test was also per-
formed to assess phantom measurement bias between centers
(p < 0.0167).

From Bland-Altman plots, a one-sample two-sided t
test was performed to assess whether the mean bias was
statistically different from 0 (p < 0.0031 for all organs
except for the prostate, where p < 0.0125). A two-sided
t test based on the null hypothesis that the slope of the
regression line of paired differences was equal to 0 was
performed (pslope < 0.0125).

A two-way ANOVA with random effects was performed
on a per-organ basis to assess potential differences in CoV

Table 2 Mean value of the parameter ADC reported per center and per organ of interest, for both readers: comparison with reference values from
published studies

ADC

Center Reader Renal cortex Renal medulla Liver Spleen Prostate PZ Prostate CZ

C1 1 1895 1759 1211 882 1538 1298

2 1984 1816 1144 945 1606 1418

C3 1 1925 1716 1255 929 1527 1285

2 1953 1824 1072 906 1533 1531

C2 1 1963 1729 1261 862 1513 1267

2 1977 1854 1185 802 1479 1405

Overall mean value [95% CI] 1950 [1927; 1973] 1772 [1742; 1802] 1198 [1162; 1234] 890 [858; 923] 1525 [1485; 1564] 1348 [1300; 1394]

Reference studies Thoeny [56] Thoeny [56] Jafar [29] Jafar [29] Gibbs [57] Jafar [29]

2030 1870 1280 850 1560 1310

Center Reader Muscle Femur Acetabulum Ilium L5 White matter

C1 1 1503 359 232 336 284 703

2 1517 246 235 316 285 704

C3 1 1547 343 184 291 312 688

2 1511 259 200 300 302 687

C2 1 1563 298 177 311 287 701

2 1508 250 210 270 265 698

Overall mean value [95% CI] 1523 [1509; 1536] 288 [275; 300] 208 [195; 221] 303 [287; 320] 290 [271; 309] 697 [691; 703]

Reference studies Jacobs [58] Lavdas [59] — Messiou [60] Grech-Sollars [61]

1350 496 470 735

Jacobs [58] Jacobs [58] Jacobs [58]

210 430 330

Values of ADC are expressed in 10−6 mm2 s−1 . Mean size of the ROIs (all volunteers) was 311 mm2 (muscle), 338 mm2 (femur), 358 mm2 (L5), 285
mm2 (ilium), 349 mm2 (acetabulum), 409 mm2 (liver), 237 mm2 (spleen), 259 mm2 (renal cortex), 222 mm2 (renal medulla), 184 mm2 (prostate PZ),
165 mm2 (prostate CZ), and 249 mm2 (cerebrum white matter)
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between centers (fixed factor) and readers (random factor) for
overall repeatability (p < 0.0045).

Results

Phantom measurements

Results from phantom measurements are provided in
Supplemental Materials SI. CoV associated with four mea-
surements of ADC on the same scanner ranged from
0.18% (C1), 0.54% (C2) to 1.20% (C3). The bias ranged
from − 2.90% (C3) to + 4.40% (C2) (+ 3.70% for C1), with
no significant difference between centers (all p values =
0.1250).

Healthy volunteer measurements

MR images from 3 illustrative cases are shown in Figs. 1, 2,
and 3. The mean value of ADC (for all volunteers) is reported
on a per-reader, per-center, and per-organ basis in Table 2.
Data from reference studies were included for comparison.

Bland-Altman plots

A total of 168 Bland-Altman plots (4 repeatability + 4 repro-
ducibility plots per-region, only 1 repeatability + 1 reproduc-
ibility plots for the central and peripheral zones of the prostate)
and 2 readers were constructed. Figures 4 and 5 show examples
of these plots for assessment of the overall R&R by reader 1.

Bland-Altman plots: limits of agreement

LoA were narrower in soft tissues compared to bone marrow
regions (Tables 3 and 4). Equivalently, CoV, RC, and RDC
were lower in soft tissues. The higher coefficient values ob-
tained in bone marrow are associated with the inherently low-
er absolute values of ADC in these regions (Table 2).
Cerebrum white matter had the lowest RC (reader 1: 7.5%;
reader 2: 7.6%) and RDC (reader 1: 8.9%; reader 2: 8.4%)
values, whereas acetabulum had the highest RC (reader 1:
59%; reader 2: 52%) and RDC (reader 1: 73%; reader 2:
58%) values.

The highest RC and RDC coefficients observed from both
readers, and the upper limit of their 95% CI, are reported for
each organ in Supplemental Materials SIII. R&R data from

Fig. 1 MR images of the liver, spleen, and renal cortex in a 57-year-old
healthy man. Apparent diffusion coefficient (ADC) maps illustrate the
regions of interest (ROIs), as measured by reader 1. Tests 1 and 2 were
obtained at center C2, and test 3 was obtained at center C1. Liver ADC
values were 1277 × 10−6 mm2 s−1 (test 1), 1345 × 10−6 mm2 s−1 (test 2),

and 1091 × 10−6 mm2 s−1 (test 3). Spleen ADC values were 800 × 10−6

mm2 s−1 (test 1), 755 × 10−6 mm2 s−1 (test 2), and 746 × 10−6 mm2 s−1

(test 3). Renal cortexADC values were 1815 × 10−6 mm2 s−1 (test1), 2260
× 10−6 mm2 s−1 (test 2), and 1944 × 10−6 mm2 s−1 (test 3)
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reference studies were added for comparison. In the repeat-
ability study (the same MRI scanner is used), a true change in
ADC must be superior to 9.7% (cerebrum white matter), 22%
(renal cortex), 23% (prostate CZ), 26% (prostate PZ), 29%
(renalmedulla), 32% (liver), 45% (spleen), 44% (L5 vertebra),
46% (ilium), 55% (femur), and 76% (acetabulum) to be de-
tected with a 95% confidence level by the current WB-MRI
protocol.

In the reproducibility study (different MRI scanners are
used), a true change in ADC must be superior to 12%
(cerebrum white matter), 22% (renal cortex), 23% (renal
medulla), 23% (prostate PZ), 26% (prostate CZ), 35%
(liver), 44% (spleen), 50% (ilium), 66% (L5 vertebra),
68% (femur), and 94% (acetabulum) to be detected with
confidence.

Bland-Altman plots: mean bias

Mean bias was not significantly different from 0, regardless of
the study (repeatability or reproducibility), reader, or center
(all p values > 0.0031) (Tables 3 and 4). A single statistical
difference from reader 2 in the overall reproducibility of ADC

for femur corresponds to a significant overestimation of
15.4% in test 3 compared to test 1 (p = 0.0008).

Bland-Altman plots: proportional differences

In the overall assessment of R&R (Figs. 4 and 5), no associ-
ation between paired differences between readings and the
mean of the readings was observed with a few exceptions.
Review of repeatability data from reader 1 revealed an over-
estimation of ADC during test 2 compared to test 1 for small
values of ADC becoming an underestimation for large values
of ADC in the acetabulum (pslope = 0.0004) (Fig. 4). Although
the size of the ROIs in this regionwas 9.2% smaller during test
2 (two-sided paired t test, p = 0.0081), no significant correla-
tion between the change in size and the change in ADC was
found (Pearson correlation, p = 0.5461). From reader 2
(Bland-Altman plots not shown), an underestimation of
ADC during test 2 compared to test 1 for small values of
ADC becoming an overestimation for large values of ADC
was observed in the kidneys (pslope < 0.0001). The size of the
ROIs in this region was not statistically different between the
two readings (p > 0.5000). Review of reproducibility data

Fig. 2 MR images of cerebrum white matter, prostate peripheral zone,
and L5 vertebra in a 57-year-old healthy man. Apparent diffusion coeffi-
cient (ADC)maps illustrate the regions of interest (ROIs), as measured by
reader 1. Tests 1 and 2 were obtained at center C2, and test 3 was obtained
at center C1. Cerebrum white matter ADC values were 708 × 10−6 mm2

s−1 (test 1), 719 × 10−6 mm2 s−1 (test 2), and 710 × 10−6 mm2 s−1 (test 3).
Prostate peripheral zone ADC values were 1480 × 10−6 mm2 s−1 (test 1),
1690 × 10−6 mm2 s−1 (test 2), and 1374 × 10−6 mm2 s−1 (test 3). L5
vertebra ADC values were 204 × 10−6 mm2 s−1 (test1), 226 × 10−6

mm2 s−1 (test 2), and 249 × 10−6 mm2 s−1 (test 3)
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from reader 2 revealed an underestimation of ADC during test
3 compared to test 1 for small values of ADC becoming an
overestimation for large values of ADC in muscle (pslope =
0.0007). The size of the ROIs was not statistically different
between the two readings (p > 0.9999).

Reader and center agreement

In the overall repeatability study, regardless of organ, CoV of
ADC was not found to be influenced by the center or reader.
All p values from the two-way mixed ANOVA were statisti-
cally non-significant (all p values > 0.0045) (Supplemental
Materials SII).

Discussion

DWI and ADCmeasurements have been repeatedly presented
as a key biomarker derived from MRI studies obtained at the
level of individual organs and more recently at the level of the
whole body [39, 40]. However, the number of multicentric
clinical trials currently incorporating DWI sequences and

ADC measurements, except in the brain, remains limited
[41]. This is mainly due to a variety of acquisition and analysis
methodologies employed at different centers, which make
ADC values non-comparable between them. Our study ad-
dressed this need and from there should facilitate a step in this
direction. In using the same imaging method on the same
scanner, with the same methodology analysis (following
[36]), the variability induced by the hardware and software
was limited and thus, the best achievable (i.e., minimal)
R&R of ADC using clinical WB-DWI was then assessable.
This minimal variability achievable allows discussing (i)
the applications for which ADC is a reliable quantitative
endpoint, and (ii) which level of standardization may be
mandatory to confidently detect true variations in ADC
measurements at the level of multiple organs beyond the
brain.

Firstly, the study assessed the accuracy and precision of
WB-DWI. Accurate and repeatable values of ADC in the
ice-water phantom were yielded showing the level of repeat-
ability that may be achieved after protocol standardization
over the three sites. Previous studies have demonstrated a
repeatability of 2.3–5.0%, which is consistent with our results

Fig. 3 MR images of the acetabulum, ilium, and femur in a 57-year-old
healthy man. Apparent diffusion coefficient (ADC) maps illustrate the
regions of interest (ROIs), as measured by reader 1. Tests 1 and 2 were
obtained at center C2, and test 3 was obtained at center C1. Acetabulum
ADC values were 117 × 10−6 mm2 s−1 (test 1), 137 × 10−6 mm2 s−1 (test

2), and 173 × 10−6 mm2 s−1 (test 3). Ilium ADC values were 210 × 10−6

mm2 s−1 (test 1), 212 × 10−6 mm2 s−1 (test 2), and 245 × 10−6 mm2 s−1

(test 3). Femur ADC values were 225 × 10−6 mm2 s−1 (test 1), 266 × 10−6

mm2 s−1 (test 2), and 192 × 10−6 mm2 s−1 (test 3)
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(< 5%) [22–24, 42]. These reference studies identified image
and measurement variabilities associated with inconsistent
equipment and protocols [30, 43], whereas our study used
the same MRI scanners, protocol, and software. Notably, the
systematic error (bias) had the largest variations, which may
result from variability in preparation of the phantom.

Secondly, this study demonstrated that (i) ADC values in
the organs of interest fall within the range of values reported in
normal soft tissues [29], and (ii) R&R of ADC in WB-MRI
agrees with published values. Even within a mobile organ
such as the liver, where ADC variability is influenced by the
effect of cardiac movement on DWI signal intensity [44, 45],
similar R&R was found. Previous studies were performed at
1.5 or 3.0 T, used MRI scanners and coils from different
vendors, used various processing algorithms to compute
ADC, did not use a WB-MRI protocol, and often relied on
multiple ROIs in the same organ to average the diffusion by
“smoothing” the variations associated to repeated measure-
ments [46]. In contrast, we used the same 3.0-TMRI scanners,
same algorithms, a WB-MRI protocol, and a single ROI per
organ, which is the routine clinical method for assessing a
focal lesion.

Thirdly, results from the ANOVA showed that R&R of
ADC was not influenced by the site of acquisition of DW

images or by the choice of the MRI reader. Given that the
image post-processing was centralized, the potential sources
of variation in ADC were as follows: (1) capability of the
scanner to measure the diffusion in vivo accurately; (2) im-
perfect anatomical matching ofMRI volumes owing to lack of
co-registration algorithm; (3) manual definition of the ROI
owing to lack of automated segmentation; and (4) possible
effects of physiologic changes during the time between scans.
Variations from source (1) have been demonstrated as limited.
No variation from source (4) has been observed. Variations
from sources (2) and (3) may have been further reduced
through more advanced post-processing of the data.
Although promising solutions are studied [47, 48], the analy-
sis ofWB-DWI in clinical routine does not benefit either from
a spatial co-registration of MRI examinations that may ensure
a better anatomical matching of the studied regions or from an
automated segmentation of these regions. Solving these two
problemswould allow targeting smaller changes in ADCmea-
surement. We are currently working to solve this issue, in
parallel with the development of a semi-automated segmenta-
tion of the total disease volume in bone tissue [49].

The assessment of repeatability and reproducibility coeffi-
cients with their 95% CI (instead of the CoV ensuring a level
of confidence of 68% only) in imaging using quantitative

Fig 4 Bland-Altman plot for organs and bones reconstructed to assess the
overall repeatability of ADC (reader 1, all centers combined). No
association between difference and mean is observed, except for
acetabulum (pslope = 0.0004). LoA defines the interval within which
95% of differences between two measurements (when reader and MRI

scanner are constant) are expected to lie. The narrower this interval, the
better the repeatability. LoA, green dotted line; 95% CI on LoA, green
whiskers; mean bias, orange solid line; and regression line differences,
red dotted line
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endpoints is recommended in reference papers [36, 38]. The
upper limits of the 95% CI associated with RC and RDC can
be used with confidence as initial references for detecting
microstructure changes when a patient undergoes a standard-
ized WB-DWI protocol. However, two important consider-
ations should be kept in mind. Firstly, a R&R study remains
mandatory to assess the exact variability in diffusion measure-
ments specific to a protocol in situ, and to be sure that the
qualifications for a confident interpretation of QIB are met
[36]. The variability observed may be interestingly compared
to that observed in reference papers for validation purpose, and
to assess the contribution of (hardware/software) factors
influencing the ADC. Secondly, determining whether measure-
ments from a protocol are repeatable and reproducible depends
on the context in which the measurements are used. Large
ADC variations observed in bones are associated with small
absolute values of the diffusion coefficient, which may be us-
able in clinical imaging if disease progression and/or the effects
of treatment are expected to yield even larger variations. In this
study, the reproducibility of diffusion measurements in bone
was noticeably lower than that in other tissues. This is because
the fat suppression technique eliminates most of the signal from
the normal fatty marrow and because the presence of bone

trabeculae responsible for susceptibility artifacts further de-
creases the signal intensity. The reported reproducibility of
measurements in bone metastases is higher, because destruc-
tion of trabeculae and replacement of fatty marrow by solid
tumoral tissue increase T1 and T2 relaxation times, resulting
in higher signal-to-noise ratio and ADC value [50, 51].

The main limitation of our study is definitely that the ADC
variability was assessed in healthy volunteers. Biological var-
iability may result in differences in R&R evaluated in healthy
volunteers as compared with individual patients (who, in ad-
dition, may demonstrate biological variability over time due to
either the progression of the disease or its response to therapy
[40, 52]). Assuming that an exact anatomical matching of
ROIs between readings is achieved, R&R of ADC in tumors
is expected to be in the same range or lower than that in
normal soft tissues. ADC repeatability in liver metastasis larg-
er than 2 cm was reported to be around 21% [53] and 22%
[54], which is slightly lower than the RC = 24–25% observed
in our study. In bone marrow, the lower R&R of ADC ob-
served in volunteers may result from the low ADC values;
smaller variations in ADC, higher R&R, and lower threshold
variations are likely to be observed in tumors replacing the
bone marrow, as suggested in the literature [50, 51], allowing

Fig. 5. Bland-Altman plot for organs and bones reconstructed to assess
the overall reproducibility of ADC (reader 1, for all pairs of centers: C1
vs. C2, C1 vs. C3, and C2 vs. C3). No association between difference and
mean is observed. LoA defines the interval within which 95% of
differences between two measurements (when reader is constant but

MRI scanner is not) are expected to lie. The narrower this interval, the
better the reproducibility. LoA, green dotted line; 95% CI on LoA, green
whiskers; mean bias, orange solid line; and regression line differences,
red dotted line
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for clinical detection of significant longitudinal changes in
patients. Of note, a similar trend with a lower R&R in volun-
teers (smallest detectable change in ADC in sacroiliac joint =
48%) compared to that in patients with axial spondyloarthritis
(smallest detectable change = 22%) has been reported [55].
Another limitation comes from the fact that, due to practical
reasons related to MRI examination scheduling, the delay be-
tween test 2 and test 3 ranged between the same day and 7
days, while test 1 and test 2 were performed on the same day.
This delay between imaging sessions remains short and is in a
range comparable with other repeatability studies, and RDC
was not systematically superior to RC. However, we cannot
rule out the possibility of a change in ADC in individual
healthy volunteers during this delay.

In conclusion, we assessed the per-organ R&R limits above
which a true change in ADC can be detected with confidence.
The close agreement observed on ADC values and R&R
values (in phantom and in volunteers) between this study
and reference studies performed on other MRI scanners and
the choice of a 95% confidence level to assess changes in
ADC ensure the applicability of the results by promoters of
multicenter WB-DWI studies. These R&R limits may be used
as initial guests in oncological trial to detect disease or
treatment-induced changes in tissue microstructure. This
study also allows adopting a less conservative criterion for
detecting a true change in ADC, based on R&R values esti-
mated at a 68% confidence level which can be easily derived
from the CoV coefficients provided here. These different
criteria may be tested in clinical setting to determine which
one is the more suitable in oncological trial. Overall, due to the
intrinsic dependence of ADC values on biophysical tissue
properties, further investigations in patients are recommended
to refine the estimates of the R&R limits and provide a confi-
dent interpretation of longitudinal changes measured in WB-
DWI.
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