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Abstract

FreeStyle Libre has been approved for use in patients undergoing hemodialy-
sis (HD) in Japan, unlike Europe and the United States; however, evidence
regarding its accuracy in such patients is sparse. Forty-one participants with
type 2 diabetes undergoing HD were recruited. The overall mean absolute rel-
ative difference and mean absolute difference were 23.4% and 33.9 mg/dL,
respectively. Sensor glucose levels and capillary glucose levels were signifi-
cantly correlated (r = 0.858, P < .01), although the sensor glucose levels were
significantly lower than the capillary glucose levels. The accuracy of Free-
Style Libre in patients undergoing HD became deteriorated with the days of
usage. The percentage of sensor results in Zones A and B in the consensus
error grid analysis and in the Clarke error grid analysis were 99.7% and

99.0%, respectively. Its insufficient accuracy necessitates adjunct usage of

undergoing HD.
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1 | INTRODUCTION

Diabetic nephropathy is the most common cause of
hemodialysis (HD) initiation. As the majority of oral anti-
diabetic drugs are contraindicated for patients with type
2 diabetes (T2D) undergoing HD, insulin therapy is a
main treatment option for these patients. As patients
undergoing HD are unable to generate glucose in the kid-
ney, they are particularly susceptible to hypoglycemia
[1,2]. In addition, as the glucose concentration in dialysis
fluid affects the blood glucose levels of patients undergo-
ing HD, they show unique glycemic excursion, with some
presenting with hypoglycemia during and hyperglycemia
after HD [3-6]. Therefore, monitoring the blood glucose
levels during and after HD is important for ensuring the
safety of HD in such patients.

Self-monitoring of blood glucose (SMBG) has been the
standard modality for determining the blood glucose levels
and adjusting the insulin dose appropriately. However, multi-
ple daily repetitions of SMBG impose a large psychological
and social burden on the patient due to the pain of fingertip
puncture and the inconvenience of the procedure. In addition,
it is difficult to determine the detailed blood glucose profile,
for example, glycemic variability, as SMBG only detects the
blood glucose levels at the time of measurement.

To overcome the limitations associated with SMBG, the
technology of continuous glucose monitoring (CGM) was
developed to measure the subcutaneous interstitial glucose
levels and approximate blood glucose levels. Two main types

FreeStyle Libre with self-monitoring of blood glucose in patients

accuracy, continuous glucose monitoring, diabetic nephropathy, FreeStyle Libre, hemodialysis,

of CGM are available: real-time CGM, which displays the
approximate blood glucose levels at all times, and retrospec-
tive CGM, which is used to analyze the past glucose profile.
Real-time CGM has been used mainly in patients with type
1 diabetes, and evidence of its utility is accumulating. How-
ever, it is not widely used in patients with T2D, as it is more
expensive than SMBG and evidence of its utility for T2D
patients is not accumulated enough at present.

Intermittent-scanning CGM (isCGM) is a variant of
CGM that displays the approximate blood glucose levels
only when the sensor is scanned by the reader. At pre-
sent, FreeStyle Libre (Abbott Diabetes Care, Alameda,
CA, USA), is the only isSCGM device available in Japan,
and its manufacturer named it as “flash glucose monitor-
ing” (FGM) as its commercial nomenclature. Unlike real-
time CGM, FreeStyle Libre has no alarm function to alert
for hypoglycemia or hyperglycemia. Notably, it is less
expensive than other real-time CGM devices available in
Japan. FreeStyle Libre is factory-calibrated and does nei-
ther require nor accept SMBG measurements for calibra-
tion during usage [7]. Interestingly, FreeStyle Libre is
approved only for adjunctive use to SMBG in Japan, in
contrast to Europe and the United States [8].

In Japan, FreeStyle Libre was not approved for
patients undergoing HD when it was initially approved
in January 2017 [8], but later such approval was granted
in August 2018 [9]. Of note, the usage of FreeStyle Libre
in patients undergoing HD is not approved in Europe or
the United States [10,11].
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The accuracy of FreeStyle Libre in patients with diabetes
not undergoing HD has been widely investigated, and the
mean absolute relative difference (MARD) was shown to
range between 11.4% and 13.7% in such patients [12-15]. At
present, evidence regarding the accuracy of FreeStyle Libre in
patients undergoing HD is sparse. A small study involving
seven patients with diabetes mellitus undergoing HD reported
the MARD of FreeStyle Libre to be 17.3%, although this study
did not include detailed analyses with the day-to-day compari-
son of the accuracy [16]. The accuracy of FreeStyle Libre may
be affected by HD, as HD causes rapid and marked changes in
the fluid volume of the body, including subcutaneous intersti-
tial tissue fluid.

Given the above, we conducted the precise evaluation
of the accuracy of FreeStyle Libre in patients with T2D
undergoing HD.

2 | PATIENTS AND METHODS

2.1 | Study participants

This single-arm prospective observational study was con-
ducted at 11 research sites (Tokai University School of Medi-
cine Hospital, Kanagawa, Japan; Nihon University School of
Medicine Hospital, Tokyo, Japan; Kitasato University School
of Medicine Hospital, Kanagawa, Japan; Osaka City Univer-
sity School of Medicine Hospital, Osaka, Japan; Hamamatsu
University School of Medicine Hospital, Shizuoka, Japan;
Tokyo Medical University Hachioji Medical Center, Tokyo,
Japan; Yokohama City University School of Medicine Hospi-
tal, Kanagawa, Japan; Seichi Clinic, Kanagawa, Japan; Kurata
Hospital, Kanagawa, Japan; Sohbudai Nieren Clinic,
Kanagawa, Japan; Hamana Clinic, Shizuoka, Japan).

This study protocol was approved by the Institutional
Review Board for Clinical Research, Tokai University
School of Medicine (18R-287). All study methods were per-
formed in accordance with the relevant guidelines and the
Ethical Guidelines for Medical and Health Research
Involving Human Subjects in Japan and under the Code
of Ethics of the Helsinki Declaration, 1964, and written
informed consent was obtained from all participants.

Forty-one participants with T2D undergoing HD were
recruited. T2D was defined by the Japan Diabetes Society
criteria [17]. All participants underwent HD three times a
week on inpatient or outpatient days for 2 to 6 h at a time.
All patients used insulin, GLP-1 receptor agonists or both.
Participants were confirmed to be free from any of the fol-
lowing exclusion criteria: blindness, the history of severe
hypoglycemia within the past year, usage of other implant-
able medical devices (e.g., pacemakers), usage of insulin
pumps, the presence of shunts in both upper extremities,

and pregnancy.

2.2 | Study design

All participants were fitted with the FreeStyle Libre sensor,
and baseline characteristic were collected at visit 1. FreeStyle
Libre sensor was attached at the upper arm contralateral of
the HD shunt between the start of HD and 2 h later. It was
worn on Monday or Wednesday for patients on a Monday/
Wednesday/Friday HD schedule and on Tuesday or
Thursday for patients on a Tuesday/Thursday/Saturday HD
schedule to allow staff to deal with any problems associated
with FreeStyle Libre sensor. To measure capillary blood glu-
cose levels as reference, all participants used FS Precision
Blood Glucose Measurement Electrode test strips (Abbott
Diabetes Care) in combination with FreeStyle Libre reader.
FS Precision Blood Glucose Measurement Electrode test
strips use glucose dehydrogenase, nicotinamide adenine
dinucleotide, and phenanthroline quinone [18,19]. The first
FreeStyle Libre scanning and finger-prick blood glucose test
were performed at the end of HD. We instructed patients to
perform sensor scanning at least six times a day and mea-
sure capillary blood glucose levels within 3 min of scanning.
On the dialysis day, sensor scanning and measuring of cap-
illary blood glucose levels were performed within 30 min
before shunt puncture and within 30 min after removing
the needle.

Data from FreeStyle Libre reader were downloaded
using FreeStyle Libre Software program, Version 1.0
(Abbott Diabetes Care), and saved to log files as text data.
Paired measurements of sensor glucose levels and capil-
lary blood glucose levels were compared, and the maxi-
mum difference of 3 min between the two different
measurements was used to pair the data [20].

Four sensor lots were used through this study (lot
number: 181009Q, 190119Q, 190201P, 191004Q). We
investigated the relationship between sensor glucose
levels and capillary blood glucose levels over 14 days.
After the final sensor scanning and measuring of capil-
lary blood glucose levels, FreeStyle Libre reader and sen-
sor were retrieved from the study participants, and the
log files were sent to the data center in anonymized form.

Blood samples were drawn before HD at day 1 to mea-
sure glycated albumin levels and at both before and after
HD at day 1 to measure hemoglobin (Hb) concentration,
hematocrit (Ht) and serum albumin levels. Glycated albu-
min was measured by using Lucica glycated albumin-L
assay kit (Asahi Kasei, Tokyo, Japan).

2.3 | Study outcomes

To evaluate the accuracy of FreeStyle Libre, MARD, and
mean absolute difference (MAD) were calculated [21]. As
these values are affected by the capillary blood glucose
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levels, MARD and MAD in the ranges of >100 due to the detachment of the sensor at days 3, 6, 8, 10,

and < 100 mg/dL were also calculated [20].
The primary outcome of this study was the MARD
over 14 days. The secondary outcomes were as follows:

1. MAD over 14 days
2. MAD and MARD in the capillary blood glucose
range > 100 mg/dL
3. MAD and MARD in the capillary blood glucose
range < 100 mg/dL
4. MARD and MAD for each day in capillary blood glu-
cose ranges of all, >100 mg/dL and < 100 mg/dL
5. MARD and MAD before dialysis (within 30 min of
shunt puncture) in capillary blood glucose ranges of
all, >100 mg/dL and < 100 mg/dL
6. MARD and MAD after dialysis (within 30 min of the
removing a needle) in capillary blood glucose range
of all, >100 mg/dL and < 100 mg/dL
7. Consensus error grid analysis over 14 days
Clarke error grid analysis over 14 days
9. Histogram of MARD per FreeStyle Libre sensor
10. The correlations of MARD with the variables and lab-
oratory data (age, sex, diabetes duration, height, dry
weight [DW], body mass index [BMI], delta body
weight [Delta BW], water removing quantity, Albu-
min [Alb], GA, Hemoglobin [Hb] [before HD, after
HD] and Hematocrit [Ht] [before HD, after HD])
11. Adverse events (severe adverse events [SAEs] and
adverse events [AEs])

@

2.4 | Statistical analyses

Statistical analyses were performed using Student's t-test or
analysis of variance (ANOVA), followed by Tukey's test for
multiple comparisons. The relationship between two continu-
ous variables was expressed by Pearson's correlation coeffi-
cient. The consensus error grid for type 1 diabetes used for
regulatory purposes and the Clarke error grid were analyzed
to assess the clinical significance of difference [22-24].
P values of <.05 were considered to indicate statistical signifi-
cance. Analyses were carried out using R version 3.6.1
(R Foundation for Statistical Computing, Vienna, Austria).

3 | RESULTS

3.1 | Patient characteristics

Forty-one participants were recruited. The baseline char-
acteristics are described in Table 1. Among them, 36 par-
ticipants wore FreeStyle Libre sensor for 14 days, and five
participants experienced the early termination of usage

and 13 (n =1 each).

3.2 | MARD and MAD

The overall MARD was 23.4% (Table 2). The overall
MAD was 33.9 mg/dL. The MARD after HD was signifi-
cantly greater than that before HD for all glucose ranges
and at blood glucose levels of >100 mg/dL.

3.3 | The comparison of sensor and
capillary glucose levels

The sensor and capillary glucose levels were significantly cor-
related (r = 0.858, P < .01). However, the overall sensor glu-
cose levels were significantly lower than the overall capillary
glucose levels (116.0 + 48.0 mg/dL vs. 147.2 + 51.1 mg/dL,
P < .01) and at days 1 to 14 (Table 3).

3.4 | Consensus and Clarke error grid
analyses

The percentage of sensor results in Zones A and B in the
consensus error grid analysis (Figure 1(A)) and in the
Clarke error grid analysis (Figure 1(B)) were 99.7% and
99.0%, respectively .

35 |
by day

Changes in the MARD and MAD

The MARD and MAD differed significantly among days
(Table 4). The MARD (all ranges and > 100 mg/dL) and
MAD values (all ranges and > 100 mg/dL) from day 5
were significantly greater than those at day 1.

TABLE 1 Baseline characteristics of the participants

Age, years 67.4 (11.5)
Male, % 68.3
Diabetes duration, years 23.4(9.8)
Dry weight, kg 58.9 (13.9)
BMI, kg/m* 22.6 (3.9)
GA, % 20.5 (3.6)
Hb, g/dL 10.9 (0.9)

Note: Data are presented as mean (standard deviation) or percentage.
Abbreviations: BMI, body mass index; GA, glycoalbumin; Hb, hemoglobin.
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Variables All (2885 points) BG <100 (447 points) BG >100 (2438 points) TABLE 2 The MARD and MAD
MARD, %
14 days 23.4(12.9) 25.1 (13.3) 23.1(12.8)
Before HD 21.7 (12.2) 22.3(16.2) 21.6 (11.9)
After HD 25.8 (11.9)* 24.7 (13.3) 26.3 (11.3)*
MAD, mg/dL
14 days 33.9 (22.8) 21.8 (11.8) 36.2 (23.7)
Before HD 33.8 (21.3) 19.9 (15.2) 34.8 (21.3)
After HD 30.5(17.1) 20.9 (11.7) 35.1(17.4)
Note: Data are presented as mean (standard deviation).
Abbreviations: BG, blood glucose; HD, hemodialysis; MARD, mean absolute relative difference; MAD, mean
absolute difference.
*P < .05 (vs. before dialysis).
(A) (B)
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FIGURE 1 Error grid analyses. (A) Consensus error grid analysis. The ratios of zone A, zone B, zone C, zone D, and zone E were 39.8%,

59.9%, 0.3% 0.0%, and 0.0%, respectively. (B) Clarke error grid analysis. The ratios of zone A, zone B, zone C, zone D, and zone E were 41.8%,
57.2%, 0.1%, 0.8%, and 0.0%, respectively [Color figure can be viewed at wileyonlinelibrary.com]

3.6 | Correlation between the MARD
and patient characteristics

The MARD was negatively correlated with the DW and BMI
at baseline (Table 5). The MARD was also negatively corre-
lated with the Hb levels and Ht levels after dialysis (Table 5).

3.7 | The MARD per sensor

The distribution of the MARD per sensor was observed in
wide range between 10% and 40% with two peaks
(Figure 2).

3.8 | Safety

No SAE was observed during the study. Regarding AEs,
skin irritation was observed in 7.3% of the participants
and no other AE was reported.

4 | DISCUSSION

In this study, we evaluated the accuracy of FreeStyle
Libre in patients with T2DM undergoing HD by compar-
ing the sensor glucose levels to the capillary blood glu-
cose levels as reference. The overall MARD and MAD
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The comparison between the sensor and capillary blood glucose levels by day

TABLE 3

14

13

12

11

10

Day

95.4 (38.9)
146.3 (49.9)

98.3 (39.0)
1454 (48.6)

97.1 (36.7)
143.1 (46.1)
<.01*

104.7 (37.0)
146.9 (46.8)

102.2 (39.8)
141.6 (49.5)

111.2 (42.5)
144.8 (46.8)

<.01*

110.7 (44.9)
1435 (51.8)

123.3 (51.3)
152.6 (58.3)

121.0 (51.4)
148.1 (57.2)

<.01*

125.8 (51.1)
151.5 (55.6)

129.3 (43.5)

1523 (47.2)

123.8 (48.3)
144.7 (49.3)
<.01*

1354(59.0)  134.7(52.3)
149.3 (48.8)

149.1 (55.7)

Sensor glucose, mg/dL

Capillary blood glucose, mg/dL

<.01*

<.01*

<.01*

<.01*

<.01*

<.01*

<.01*

<.01*

<.01*

<.01*

Pvalue

Note: Data are presented as the mean (standard deviation) or number.

P < .05.

A i@ wWiLey L=

values were as great as 23.4% and 33.9 mg/dL, respectively.
As described in Table 3, the sensor glucose levels were sig-
nificantly lower than the capillary blood glucose levels in
T2DM patients undergoing HD. Furthermore, the MARD
and MAD were significantly greater after day 5 than they
had been at day 1. However, both consensus error grid
analysis and Clarke error grid analysis showed that the
majority of the measurements belonged to zones A
(no effect on clinical action, or clinically correct treatment
decisions) and B (altered clinical action—little or no effect
on clinical outcome, or benign) [22-24]. The MARD of the
individual sensor was distributed widely. The MARD cor-
related negatively with the DW, BMI, Hb after HD, and Ht
after HD, suggesting that a low DW, BMI, Hb after HD,
and Ht after HD may predict a greater difference between
the sensor glucose levels and the capillary glucose levels
used in patients with T2DM undergoing HD.

The MARD and MAD observed in this study were
greater than those observed in studies conducted
with patients not undergoing HD [12-15]. Of note,
the sensor glucose levels were significantly lower
than the capillary blood glucose levels from the first
day to the last day of usage, suggesting that the algo-
rithm used in FreeStyle Libre may not be optimized
for usage in patients undergoing HD. Unlike some
real-time CGM devices from other manufacturers,
FreeStyle Libre cannot be calibrated by capillary glu-
cose levels. Therefore, its adjunct usage with SMBG
is strongly recommended when applied to patients
undergoing HD. Patients are encouraged to conduct
confirmatory SMBG, especially when treatment deci-
sions are being made based on the measurement by
FreeStyle Libre.

Nevertheless, using FreeStyle Libre may be beneficial
in patients undergoing HD, as it provides extra informa-
tion as CGM. Information from the downward trend
arrow can be used to predict impending hypoglycemia in
combination with the information from SMBG,
supporting the proactive prevention of hypoglycemia. In
addition, information from the trend graph can be used
to identify potential hyperglycemia or hypoglycemia
between SMBG measurements, especially during the
night. Using FreeStyle Libre may also be beneficial in
patients with gastroparesis caused by diabetic autonomic
neuropathy [25], which is a common complication in dia-
betic patients undergoing HD. In such patients, glucose
excursion can be quite unpredictable; both unexpected
hypoglycemia and hyperglycemia occurs due to delayed
emptying of the stomach and the mismatch to the action
of rapid acting insulin. By using FreeStyle Libre, patients
with gastroparesis and their healthcare providers will be
able to find and try to mitigate the unfavorable hypogly-
cemia and hyperglycemia caused by delayed emptying of
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TABLE 4 Changes in the MARD and MAD by day
Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14
MARD, %  13.8 13.9 17.1 16.9 189" 2107 216 245 253 287 297 335 333 361
(11.1) (979  @(101) (9.7) (86) (13.1) (93) (100) (11.6) (10.9) (10.7) (10.3) (13.1) (13.1)
MARD, % 129 14.2 16.9 16.5 19.00 200 2100 243" 250" 278 298" 332" 340" 365
BG >100 10.7) (9.8) (104 (9.6) (86) (109 (9.2) (9.8) (11.2) (109) (10.6) (9.8) (13.2) (13.8)
MARD, %  18.1 122 178 206 185 257 245 258 270 325 291" 357 2927 342
BG <100 (121) (88) (83) (9.8) (85 (202) (94) (11.3) (133) (10.2) (115 (127) (11.6) (9.4)
MAD, 19.2 204 23.7 254 2817 309" 325 344" 363 405 442" 478" 483 532"
mg/dL (15.8) (15.8) (153) (174) (16.0) (28.3) (18.6) (17.8) (200) (22.5) (22.9) (21.3) (24.8) (28.0)
MAD, 200 218 254 264 299 327 346 369 385 435 476 505 526 583"
mg/dL (16.6) (16.3) (16.0) (18.0) (16.2) (29.8) (19.2) (18.0) (20.3) (23.6) (22.8) (214) (24.2) (28.2)
BG >100
MAD, 15.6 11.0 154 17.6 16.4 22.6 21.5 21.8 23.3 28.00 254" 317 244 303
mg/dL (10.5) (7.6) (7.2) (7.6) (7.2) (18.1) (8.9) 9.6) (11.6) (9.8) (11.0) (12.2) (10.3) (8.1)
BG <100

Note: Data are presented as mean (standard deviation).

Abbreviations: BG, blood glucose; MARD, mean absolute relative difference; MAD, mean absolute difference.

P < .05 (vs. day 1).

TABLE 5 The correlation of the MARD with variables and
laboratory data
r P
Age, years 0.276 (—0.034, 0.538) .080
Male —0.059 (—0.360, 0.254) 716
Diabetes duration 0.043 (—0.322, 0.397) .820
Height —0.136 (—0.426, 0.179) .396
DwW —0.326 (—0.576, —0.020) .038*
BMI —0.359 (—0.600, —0.058) .021*
Delta BW —0.079 (-0.397, 0.256) .646
Water removing quantity —0.028 (—0.359,0.307) .865
Alb —0.281 (—0.542, 0.029) 075
GA 0.153 (—0.162, 0.440) .339
Hb
Before HD —0.179 (-0.461, 0.136) .263
After HD —0.321 (-0.572, —0.015) .041*
Ht
Before HD —0.210 (—0.486, 0.104) .188
After HD —0.331 (—0.579, —0.026) .035*

Note: Mean (95% confidence interval).

Abbreviations: DW, dry weight; BMI, body mass index; Delta BW, delta
body weight; Alb, albumin; GA, glycoalbumin; HD, hemodialysis; Hb,
hemoglobin; Ht, hematocrit.

P < .05.

the stomach. If these patients are able to adjust the
timing of the injection of rapid acting insulin or change it
to regular insulin, the peak of insulin action and the post-
prandial glycemia might match better.

30

20

Percent

20 30
MARD (%)

FIGURE 2 Histogram of the mean absolute relative difference
(MARD) per sensor. There were two peaks in the distribution of the
MARD per sensor at 15-20% and 25-30% [Color figure can be
viewed at wileyonlinelibrary.com]

Another potential issue with FreeStyle Libre used in
patients undergoing HD is that our data suggest the pos-
sibility of overestimating the time below range (TBR). As
minimizing the TBR is recommended in the guideline
[26], the TBR measured by FreeStyle Libre might mislead
treatment decisions when used in patients undergoing
HD. To address this potential issue, further investigations
regarding the accuracy of the TBR in this population will
be required.

The present study is strengthened by its inclusion of
an assessment of factors associated with the accuracy of
FreeStyle Libre in patients undergoing HD. The observa-
tion that the MARD correlated negatively with the DW
and BMI suggests that a smaller body mass might be
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associated with a worse accuracy of FreeStyle Libre in
patients undergoing HD. In contrast, the observation that
the MARD did not correlate with the change in BW or
quantity of water removed suggests that these factors
might not be determinants of the accuracy of FreeStyle
Libre in patients undergoing HD. The observation that
the MARD correlated negatively with the Hb after HD
and Ht after HD suggests that insufficient water removal
after HD might lead to an excess water volume in the
interstitial space, thereby affecting the glucose concentra-
tion in that location. The two peaks observed in the histo-
gram of the MARD per sensor are consistent with the
possibility of the multiple factors that could affect the
accuracy of the measurement by FreeStyle Libre sensor,
but further investigation is required to clarify the detailed
mechanism.

This study is also strengthened by its multicentered,
prospective observatory design. However, it is limited by
including only type 2 diabetes patients and its lack of
body composition data.

5 | CONCLUSIONS

The accuracy of FreeStyle Libre in patients undergoing
hemodialysis became deteriorated with the days of usage.
The mean absolute relative difference after hemodialysis
was significantly elevated compared with mean absolute
relative difference before hemodialysis. The sensor glu-
cose levels were significantly lower than the capillary glu-
cose levels in these patients. Its insufficient accuracy
might potentially lead to the inappropriate diagnosis of
hypoglycemia or the missed diagnosis of hyperglycemia,
and therefore necessitates adjunct usage of FreeStyle
Libre with self-monitoring of blood glucose in patients
undergoing hemodialysis.
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