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Objective: To assess the test-retest reproducibility and
intra/interobserver agreement of apparent diffusion
coefficient (ADC) measurements of myeloma lesions
using whole body diffusion-weighted MRI (WB-DW-MRI)
at 3T MRI.

Methods: Following ethical approval, 11 consenting
patients with relapsed multiple myeloma were prospec-
tively recruited and underwent baseline WB-DW-MRI.
For a single bed position, axial DWI was repeated after a
short interval to permit test-retest measurements.

Mean ADC measurement was performed by two expe-
rienced observers. Intra- and interobserver agreement
and test-retest reproducibility were assessed, using
coefficient of variation (CV) and interclass correlation
coefficient (ICC) measures, for diffuse and focal lesions
(small <10 mm and large >10 mm).

Results: 47 sites of disease were outlined (23 focal, 24
diffuse) in different bed positions (pelvis = 22, thorax =
20, head and neck = 5). For all lesions, there was excel-
lent intraocbserver agreement with ICC of 0.99 (0.98-
0.99) and COV of 5%. For interobserver agreement, ICC

INTRODUCTION

Whole body MRI (WB-MRI) has been endorsed by several
recent guidelines as an essential imaging modality for patients
with multiple myeloma. In the UK, the National Institute for
Health and Clinical Excellence (NICE) guideline recommends
WB-MRI as one option for first-line imaging for suspected
new diagnosis of myeloma.! The high sensitivity of WB-MRI
has been recognised by the International Myeloma Working

was 0.89 (0.8-0.934) and COV was 17%. There was poor
interobserver agreement for diffuse disease (ICC = 0.46)
and small lesions (ICC = 0.54).

For test-retest reproducibility, excellent ICC (0.916)
and COV (14.5%) values for mean ADC measurements
were observed. ICCs of test-retest were similar between
focal lesions (0.83) and diffuse infiltration (0.80), while
ICCs were higher in pelvic (0.95) compared to thoracic
(0.81) region and in small (0.96) compared to large (0.8)
lesions.

Conclusion: ADC measurements of focal lesions in
multiple myeloma are repeatable and reproducible,
while there is more variation in ADC measurements of
diffuse disease in patients with multiple myeloma.
Advances in knowledge: Mean ADC measurements are
repeatable and reproducible in focal lesions in multiple
myeloma, while the ADC measurements of diffuse
disease in multiple myeloma are more subject to varia-
tion. The evidence supports the future potential role of
ADC measurements as predictive quantitative biomarker
in multiple myeloma.

Group (IMWG) who recommend it as first-line imaging for
asymptomatic myeloma and patients with solitary plasmacy-
toma.? MRI has also been recommended for monitoring treat-
ment response in many subgroups of myeloma patients using
qualitative analysis.’

Apparent diffusion coefficient (ADC) measurements
derived from diffusion-weighted MRI is a potential tool for
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objective and functional assessment of disease status and treat-
ment response in many tumours.*” However, translation into
clinical practice requires validation of the biomarker through
repeatability and reproducibility.®

We conducted a literature review to summarise the current
evidence of reproducibility of ADC measurements (Table 1).
Most of the studies confirmed the reproducibility of ADC
measurements, e.g. in healthy individuals and in patients with
prostate, breast and rectal cancers. In a recently published study,
Wennmann et al'® found good test-retest repeatability of ADC
measurements in patients with plasma cell disorders including
multiple myelomas. However, there was heterogeneity and
inconsistency regarding the methodology used for data acqui-
sition, data analysis and segmentation methodologies in wide
variety of pathologies which hinder the building of stronger
evidence of the use of ADC measurements.

The current literature suggests a potential role of quantitative
ADC measurements in the assessment of treatment response
in patients with MM. ADC measurements have been reported
to correlate with IMWG criteria for response assessment'® and
could be a potential objective biomarker for response assess-
ment. Myeloma Response Assessment and Diagnosis System
(MY-RADS) provide a framework for structured reporting
WB-MRL" The Response Assessment Categories (MY-RADS-
RAC:s) are based on objective parameters, (including lesion size,
number, and bone marrow signal) and provide a supplemen-
tary assessment of treatment response to the standard IMWG
response criteria. For the diffuse disease pattern, MY-RADS
authors suggest that quantitative ADC measures are not yet prac-
tical and therefore not part of the MY-RADS standard. However,
a cut-off ADC value of >1400 pm?/s on post-therapy MRI is used
to differentiate between patients likely and highly likely to be
responding, but no advice on methods of ADC measurement is
provided.

The aim of this study was to assess repeatability and reproduc-
ibility of ADC measurements of myeloma lesions on whole body
diffusion-weighted MRI (WB-DW-MRI) using 3T MRI.

METHODS AND MATERIALS

Study design

Prospective single centre observational study Institutional review
board approval and national research ethics committee approval
were obtained (REC reference 14/L0O/1833). All patients gave
written informed consent.

Patient recruitment and investigations

11 patients with relapsed multiple myeloma requiring systemic
therapy were prospectively recruited. Inclusion criteria were
age of 18 years or more; confirmed relapsed multiple myeloma
(based on IMWG criteria®); planned treatment with a licensed
novel agent; bone disease visible on conventional imaging (skel-
etal survey or spinal MRI); and estimated GFR >30 ml/min/ 1.73
m? Exclusion criteria included any contraindication to MRI,
treatment with any multiple myeloma therapy within the prior 4
weeks, pregnancy and breastfeeding.

ElGendy et a/

All patients underwent baseline WB-DW-MRI. At baseline and
for a single bed position, axial DWT was repeated after the patient
got off the scanner for a short period of 10min to permit test
and retest DWI measurements. Follow up WB-DW-MRI was
performed following two cycles of second-line novel therapy.
Treatment response was evaluated based on the International
Myeloma Working Group (IMWG) guidelines using serum and
urine M protein measurement for six cycles.'” The novel agents
used for second-line therapy included bortezomib, lenalidomide
or carfilzomib.

Clinical response assessment

A haematologist, blinded to the research scans, evaluated the
clinical responses of the subjects post-cycles 2, 4 and 6 of therapy
using IMWG criteria.”® The response criteria include complete
response (CR), very good partial response (VGPR), partial
response (PR), minimal response (MR), stable disease (SD) and
progressive disease (PD).

MRI acquisition

WB-MRI was performed using Magnetom Verio 3T MRI
(Siemens, Erlangen, Germany). All patients were scanned supine
with their arms by their sides. Body surface coils were used.
DWTI sequence parameters included: Transverse orientation, TR:
27600 ms, TE: 65ms, FoV read: 430 mm, Slice thickness: 5mm,
B-values: 50, 800. Please see Supplementary Table 1 for whole
body MRI sequence parameters. Patients were scanned from
vertex to upper thighs. ADC maps were generated using a mono-
exponential fit using the scanners proprietary software.

Image processing and analysis

The segmentations and measurements of the test and retest
were performed on ITK-SNAP (v. 3.6.0) by a single radiologist
(KE) with sites of disease checked by a radiology expert (TB)
(Figures 1 and 2). The test values were reassessed using Image
J (v. 1.5, NIH) to assess the impact of post-processing software
on ADC measurements. Second set of segmentation of the test
was repeated by the same radiologist (KE) with a 3 week interval
between the readings for intraobserver agreement and a second
blinded radiologist (AS) for interobserver agreement using ITK-
SNAP. The mean ADC, SD and ROI size were recorded using the
same software.

Focal lesions were identified as a focal marrow lesion which
was hyperintense to background marrow and muscle on b900s
mm? images, with intermediate ADC and corresponding focal
abnormality on DIXON imaging.'**' For focal lesions, ROIs
were drawn on a single slice with the maximal lesion diameter.
In diffuse infiltration, predefined free hand 1.4 cm? (47 pixels)
ROIs were placed in L5 vertebral body and right and left iliac
bones on ADC maps of the pelvis taking care to avoid any focal
lesions, bone marrow biopsy tract or artefacts as described previ-
ously.16 In the thoracic bed, 1.4 cm? ROI were placed in T3, T4
and T5 vertebra, while in head and neck bed, 1.4 cm? were placed
in the clivus, arch of C1 and C4. Furthermore, we compared this
sampling technique of diffuse infiltration with full segmentation
of the ROI in a single slice which was not predefined and was
chosen by the reader. For example, we chose the middle part
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of the vertebral body away from the disc space. For iliac bones,
we chose the widest area of the posterior iliac at the level of the
sacroiliac joint but discrete from the joints (Figure 3).

On the response assessment studies, the scans were evaluated
visually used the MY-RADS-RACS categories'® by two expe-
rienced observers in consensus. In addition, for focal lesions
mean ADC measurement of up to five index lesions/patient was
documented."

Statistical analysis

Statistical calculations were performed using SPSS (v. 23,
(IBM) International Business Machines Corporation). Inter-
class correlation coefficients (ICC) estimates along with their
95% confidence intervals (CIs) were calculated using a two-way
random, absolute agreement, single measure model with 95% CI
for the mean ADC values for all, focal lesions and diffuse infiltra-
tion. ICC values less than 0.5 suggest poor agreement, 0.5-0.75
moderate agreement, 0.75-0.9 good and greater than 0.9 excel-
lent agreement.22 In addition, coefficients of variation (%) were
calculated using MedCalc Statistical Software (v. 14.8, Belgium).
The same software was used to generate Scatter plots (with line of
equality) and Bland-Altman plots (difference vs means).

Treatment effects of less than approximately 27% (change in ADC divided
by pretreatment ADC) will not be clinically detectable with confidence

There were no significant differences in ADCs between imaging sessions
with one acquisition in a single individual

1and 2.
The mean CV for ADC measurement reproducibility was 14% (95% CI,

Coefficient of repeatability (r%) expressed as a percentage of the baseline
13-15%)

The Bland-Altman limit of reproducibility of mean ADC of bone marrow
average was 14.8%.

in normal subjects was 2:0 +/- —86 x 10-6 mm?s’!

Results summary

RESULTS

11 patients with relapsed multiple myeloma were recruited.
Patient demographics are summarised in Table 2. A total of 47
regions of disease were identified (23 focal, 24 diffuse).

Table 3 summarises the values of ICC and CV and Figure 4 and
Supplementary Figures1-3 show the scatter and Bland-Altman
plots for of test-retest reproducibility and intra- and interob-
server agreements. Comparisons were made between ADC
measurements for diffuse disease and focal lesions, lesion loca-
tion (thoracic and pelvic bed positions) and lesion size (small
and large lesions). Comparison is also made between different
techniques for assessment of diffuse infiltration, i.e. sampling vs
segmentation techniques.

1.3 cm? ROIs were placed in the L5 vertebral body and
right and left iliac bones on the ADC map and mean

ADC was documented.
The ADC and CV data were then analysed by using

locations (right hepatic lobe, spleen, and head, body,
repeated-measures analysis of variance

The mean ADCs for three ROIs in five anatomic
and tail of pancreas).

Assessment criteria

Overall, there was excellent intraobserver agreement with ICC
being 0.99 and CV being 5% (n = 47) (Figure 4). The interob-
server agreement was good with lower value of ICC (0.89) and
higher value of CV (17%). The test-retest reproducibility had
excellent ICC and CV values (0.916 and 14.5% respectively).
Similar values of ADC measurements were obtained between the
two software: Image J (v. 1.5, NIH) and ITK SNAP (v. 3.6.0) and
no further statistical analysis were required.

Mean of 147 days (SD = 2) for follow up

Nine healthy volunteers
scan

FU within 7 days
16 healthy volunteers

Design, number of participants/
lesions

1.5T MR

3T MRI

Diffuse disease vs focal lesions

Focal lesion ADC measurements (1 = 23) had excellent intra- and
interobserver agreements and test-retest reproducibility with
ICCs values above 0.8 and CV values below 15% (Supplementary
Figure 1). However, the ADC measurements for diffuse infiltra-
tion (n = 24) using sampling technique had a poor interobserver
agreement (ICC = 0.46, CV = 29%) and moderate test-retest
reproducibility ICC=0.81,and CV =19.1%). On repeating ADC
measurements of diffuse disease using whole slice segmentation
technique, there was improvement in interobserver agreement

Author/year of publication
Messiou C' Eur Radiol 2011
BraithwaiteA!"Radiology 2009

ADC: apparent diffusion coefficient, CV: coefficient of variation, ICC: intraclass correlation coefficient, ROl : region of interest, sFF: signal fat fraction, wCV: within-subject coefficient of variation.

Table 1. (Continued)
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Figure 1. Test (a) and Retest (b) images of a focal lesion in the right posterior iliac bone (b900 and ADC, with segmentation using

ITK SNAP software). ADC, apparent diffusion coefficient.

ADC
segmented

(ICC = 0.9 vs 0.46) in contrast to test-retest reproducibility that
was moderate (ICC = 0.58 vs 0.81; CV = 27.5%).

Impact of bed position

For focal lesions, the intraobserver agreement was excellent for
both pelvic and thoracic bed positions (Supplementary Figure 2).
The interobserver agreements were good for pelvic focal lesions
and moderate for thoracic focal lesions. Higher ICC values were
achieved for focal pelvic compared to focal thoracic lesions in
test-retest reproducibility (ICC = 0.94, CV 9.2% for focal pelvic
lesions vs 0.6, CV 13.8% for focal thoracic lesions). Head and
neck lesions (n = 5) showed excellent intra- and interobserver
agreement and test-retest reproducibility. However, the number
of lesions are too small to make any meaningful conclusions or
comparisons.

ADC
segmented

Small vs large lesions

Excellent intraobserver agreement was achieved for both small
(<10mm, n = 8) and large (>10mm, n = 15) focal lesions
(Supplementary Figure 3). The test-retest reproducibility was
excellent for small lesions and moderate for large lesions. For
small lesions, there was moderate interobserver agreement with
ICC value of 0.54 and CV of 18%. For large lesions, interobserver
agreement was excellent (ICC = 0.9 CV=9.8%).

DISCUSSION

WB-DW- MRI is now considered standard of care for imaging
of multiple myeloma patients and increasingly used for response
assessment. The recent Myeloma Response Assessment and
Diagnosis System'® guidelines propose visual response assess-
ment categories. However, they also stipulate ADC cut-offs to
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Figure 2. Test (a) and Retest (b) images of focal expansile lesion in the right clavicle (b900 and ADC, with segmentation using

ITK SNAP software). ADC, apparent diffusion coefficient.

ADC segmented

allocate into various response categories.'’ In addition, there is
increasing interest in assessing change in ADC measurement as
a biomarker of response. Therefore, knowledge of repeatability
and reproducibility of ADC measurement is highly important.

In this study, there was excellent test-retest reproducibility (ICC
= 0.916, CV = 14.5%) and repeatability in the form of intraob-
server agreement (ICC = 0.99, CV = 5%) and to a lesser degree
interobserver agreement (ICC = 0.89, CV = 17.9%) for all lesions.
When considering focal lesions, intraobserver agreement is
excellent with moderate interobserver agreement and test-retest
reproducibility. The ADC measurement of focal lesions in the
thoracic bed position was more subject to variation than the
pelvic bed position. This may be due to the thoracic bed position
being more subject to movement, in addition to a greater poten-
tial for different slices being selected on the retest imaging.

As demonstrated from the summary of literature in Table 1,
ADC measurements have been reported to be repeatable and
reproducible in healthy tissues'” and prostate,'! breast,'* lung'’

ADC segmented

and rectal cancers' with similar values achieved in our study
in multiple myeloma lesions. In a recent prospective study,
Wennmann et al.,'” assessed repeatability and reproducibility
of ADC measurements of pelvic bone marrow in patients with
monocloncal plasma cell disorders. Overall, CoV for pelvic
ADC measurement was 14.5% for test-retest reproducibility at
1.5T in 27 subjects and 15.8% for interobserver agreement using
combined data at 1.5 and 3T. Similar values were achieved in
our study for all lesions (14.5 and 17.9% respectively) and also
in pelvic lesions (15 and 22.8% respectively). Reproducibility of
ADC measurements between 1.5 and 3T showed very high CV
of 41.3% for pelvic ADC measurement which they postulated
was due to susceptibility differences between trabecular calcium
hydroxyapatite and bone marrow being more marked at higher
magnetic field strengths. Unlike our study, test-test reproduc-
ibility at 3.0 T was not assessed in their study and in addition
focal lesions were not assessed. Assessment of focal lesions is
important as the emphasis of ADC measurement in MY-RADS
response is with focal lesions. These findings separately confirm
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Figure 3. Comparison between two methods of segmentation of diffuse disease within the pelvis and lumbar spine using fixed
sampling technique (a, b) and full segmentation technique (c, d) in a single slice at posterior iliac (a, c) and L5 vertebral body (b,
d). ADC, apparent diffusion coefficient.

Table 2. Patient demographics

Gender

Male 10
Female 1
Mean age (years, range) 59.5 (45-71)
Imaging patterns

Focal 3
Diffuse 5
Focal on diffuse 3
Myeloma subtype

IgG 8
IgA 3
Novel agent treatment

Lenalidomide-based 7
Bortezomib-based 3

Carfilzomib-based

the test-retest reproducibility of the ADC measurements in
patients with multiple myeloma.

The size of lesions has been reported to impact the repeat-
ability of ADC measurement in a number of tumours including
n1ye10ma.21’23’24 Weller et al (2011) demonstrated that ADC
measurement variability is lower for large size lung lesions in
comparison to small lung lesions (>3 cm, CV 3.9%;<3cm, CV =
9.6%)."> Only one previous retrospective study has assessed the
impact of lesion size in myeloma ADC measurements at 1.5T,
Barwick et al*'?! reported for mean ADC, excellent ICC and low
CV for inter- and intraobserver agreement for small (<10 mm)
and large (>10 mm) lesions. They did not assess test-retest repro-
ducibility. In our study, for large lesions interobserver agreement
was excellent but reduced for smaller lesions (ICC 0.9, CV 9.8%
large vs ICC 0.54, CV 18% small) which we postulate may be due
to smaller lesions being more subject to partial voluming and
noise making them more difficult to outline.

The choice of ROI has a major impact on the ADCs values and
its repeatability and reproducibility.”> Blazic et al® in a rectal
cancer study concluded that the larger measurement methods
yield greater accuracy in response assessment. However,
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Figure 4. Bland-Altman plots (a,c,e) and scatter plotgrams (b, d, f) for mean ADC values of overall test- retest (a, b), interobserver
agreement (c, d) and intraobserver agreement (g, f). ADC, apparent diffusion coefficient.

500 1600 |-
400 ° 1400
300 (- 1200
I 1.96 SD
5 200 (- 5 5153 1000
g 3 ?
< 00| 00 ° K 800
D L o °, eﬁ oo
i [e) (o Jre) (o) Mean 600
0 @905 8.0 1.1
L o & o °
100 |- © o © o© 400
o
I o -1.96 SD 200
20 B 60,1
_300- L e ! s s i s W
- = = = 0 200 400 600 800 1000 1200 1400 1600
a Mean of Test and Retest b Retest
300 |- 1600 =
L +1.96 SD L g
200 ° 252 1400 (-
- o -
%0
100 - ° P ° ° 1200
o
N L o o 090 . L
o0 SRR o R o o Mean 1000 |-
3 -
g L 0 -16.8 ol L
S 00} % ° $ soof
N L o ° . e L
% 200 |- ° 600 |-
* H ° -1.96 SD +
-300 (- o -268.9 400 -
L ° 3
400 |- o 200_—
500 . . \ \ O™ oy
0 500 1000 1500 2000 0 200 400 600 800 1000 1200 1400 1600
C | Mean of Reader_1 and Reader_2 d Reader_z
1200 |- 1600 |-
L o L
1000 - 1400
0 1200
600~ +1.96 SD 1000
b I 516.6
§ 400 ° 5
. L o @
- o ]
T 200 o o
& L o N fe) Mean
0 2 & - @0 s GD 605
L o0 o 00 °
200 |-
400' ° -1.96 SD
3956
B000 i PR (ST TR YT ST AU S S
o 200 200 00 200 7000 0 200 400 600 800 1000 1200 1400 1600
e Mean of Read1 and Read2 f Read2

Nogueira et al*®> showed that smaller fixed ROIs have higher
ADC reproducibility and less variability than segmenting the
whole lesion in primary breast tumours. For focal lesions, we
adopted single slice ROI at maximum axial dimension of the
tumour as opposed to whole tumour multislice outlining which
is a potential limitation. However, this is the approach taken in
previous myeloma studies'* since unlike other primary tumours,
myeloma lesions tend to be numerous so a single slice approach
is less time consuming which may be more feasible for poten-
tial future clinical use. However, future studies may assess whole
tumour segmentation tools using machine learning algorithm to
measure disease burden and assess response which the current
evidence supports its feasibility”®*” This is currently under

ongoing research in our institute (Machine Learning in Myeloma
Response (MALIMAR) study.28

For diffuse disease, we used two different methods: fixed ROI
sampling techniques and segmentation of whole area of interest
on a single slice. Both had excellent intraobserver agreement.
However, the first technique of predefined ROI had better
test-retest reproducibility (ICC = 0.81) but poorer interob-
server agreement (ICC = 0.46) in comparison to the second
whole segmentation technique (ICC = 0.58 and 0.9 respectively)
(Table 3). It is interesting that with whole slice segmentation
test-retest reproducibility was inferior to single slice fixed size
ROI which may reflect reduced precision of ADC measurement
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at the boundaries of bone marrow with other tissue when whole
segments are outlined manually. Whole slice segmentation is
time-consuming in clinical practice so automated approaches are
desirable. Recently published work by Wennmann et al, demon-
strated that a deep learning algorithm can perform automated
bone marrow segmentation of 30 different bones from which
automated extraction of ADC values for whole bones can be
performed. This method could lead to improvements in repro-
ducibility of ADC measurements.'’

Messiou et al, assessed test-retest reproducibility of ADC
measurement of bone marrow in non-diseased healthy volun-
teers at 1.5 T'® and reported better values to the assessment of
diffuse disease in the pelvis in comparison to the results in our
study (CV = 14.8% vs 32%). The heterogeneity of ADC measure-
ments in diffuse disease can be explained by the increased likeli-
hood of selecting a different slice/ region for ‘diffuse’ as opposed
to focal’ lesions. In addition, the marrow of healthy volunteers
may potentially be less heterogeneous than diseased marrow.
Further focused research with larger power is required before
drawing any specific conclusion about the best method for
assessment of diffuse disease.

DWI and ADC has significantly improved correlation of the
imaging with clinical and laboratory measurements® with accu-
rate reflection of the disease course and treatment responses.*
However, the evidence is scarce with regards ADC prediction
of clinical response to treatment. In a recent prospective study,
Michoux et al® suggested that clinically significant changes in
ADC must be greater than 50% (posterior iliac crest), 66% (L5
vertebra), 68% (femur) and 94% (acetabulum). Wu et al®! illus-
trated that by using ADC value of 1 x 107> mm?/s, ADC has posi-
tive predictive value of deep response of 60%. Zhang et al used
0.81 x 107> mm?/s as cut-off and found that ADC has sensitivity
of 54% and specificity of 68% of predicting increased ADC in
response to treatment.® These results support our future research
efforts in understanding the potential role of ADC measure-
ments as predictive quantitative biomarker in multiple myeloma
patients.

ElGendy et a/

There are limitations to our study. It is a single centre using a
single MRI machine. Further studies are needed across different
MRI scanners from different vendors. Also, validation studies are
needed to reach conclusions regarding the ADC values which is
affected by different DWI protocols and MRI scanners. The study
recruited 11 patients over a period of 2 years which is a relatively
small number. However, there were 47 focal lesions and diffuse
infiltration that was studied which allowed subgroup analysis of
the effect of the bed site and size on the variability. The prospec-
tive design of the study and blinding of readers to each other and
to the repeat data are also among the strengths of the current
project.

In conclusion, mean ADC measurements at 3T are repeatable and
reproducible in focal lesions in multiple myeloma patients. The
measurement of diffuse disease is more subject to variation. The
evidence supports future research of the role of ADC measure-
ments as a potential objective tool in assessment of disease status,
response to interventions and prognosis in multiple myeloma
patients.
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