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Abstract

Purpose Reducing postprandial hyperglycemia has beneficial effects on diabetes-related risk factors, but the magnitude
of the reduction needed to achieve such an effect is unknown. The purpose of the study was to quantify the relationship of
acute glucose and insulin postprandial responses with longer-term effects on diabetes-related risk factors by performing a
systematic review and meta-analysis of dietary intervention studies.

Methods We systematically searched EMBASE and MEDLINE. Dietary intervention studies among any human population
aiming to reduce postprandial glycemia, with actual measures of postprandial glucose (PPG) and/or insulin (PPI) as acute
exposures (incremental area under the curve, iAUC) as well as markers of glucose metabolism (fasting glucose, HbAlc) and
insulin sensitivity (fasting insulin, HOMA-IR) after at least 4 weeks of diet intervention as outcomes were included. Meta-
analyses were performed for the effects on acute exposures and on diabetes-related risk factors. The relationship between
changes in acute exposures and changes in risk factor outcomes was estimated by meta-regression analyses.

Results Out of the 13,004 screened papers, 13 papers with 14 comparisons were included in the quantitative analysis. The
dietary interventions acutely reduced mean PPG [mean difference (MD), — 0.27 mmol/l; 95% CI — 0.41 to — 0.14], but not
mean PPI (MD — 7.47 pmol/l; 95% CI — 16.79 to 1.86). There were no significant overall effects on fasting glucose and
insulin. HbA 1lc was reduced by — 0.20% (95% CI — 0.35 to — 0.05). Changes in acute PPG were significantly associated
with changes in fasting plasma glucose (FPG) [per 10% change in PPG: =0.085 (95% CI 0.003, 0.167), k=14], but not
with fasting insulin [f=1.20 (95% CI — 0.32, 2.71), k=12]. Changes in acute PPI were not associated with changes in FPG
[per 10% change in PPI: f=— 0.017 (95% CI — 0.056, 0.022), k=11].

Conclusions Only a limited number of postprandial glucose-lowering dietary intervention studies measured acute postpran-
dial exposures to PPG/PPI during the interventions. In this small heterogeneous set of studies, an association was found
between the magnitude of the acute postprandial responses and the change in fasting glucose, but no other outcomes. More
studies are needed to quantify the relationship between acute postprandial changes and long-term effects on risk factors.
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M Males

MD Mean difference

MLAE Mulberry leaf aqueous extract
ONS Oral nutritional supplement
PPG Postprandial glucose

PPI Postprandial insulin

PRISMA  Preferred Reporting Items for Systematic
Reviews and Meta-Analysis

QUICKI Quantitative Insulin Sensitivity Check Index

SD Standard deviation

SEM Standard error of the mean

T2D Type 2 diabetes

WR White rice

Introduction

Obesity and type 2 diabetes (T2D) are major global con-
cerns. Recent estimates of T2D expect dramatic increases
by 2035 to reach 471 million of cases globally [1]. Post-
prandial hyperglycemia, as well as the related phenomena
of hyperinsulinemia and hyperlipemia, has been implicated
in the etiology of chronic metabolic diseases such as T2D
[1]. Moreover, elevated fasting and postprandial glucose
levels are consistently associated with an increased risk of
cardiovascular events, even in the non-diabetic range [3]. To
prevent diabetes, an integrated approach is required which
includes both dietary modification and regular physical
activity [4-6]. Indeed, in non-diabetic hyperglycemia, life-
style treatment or medication to improve glycemic control
was associated with a reduced risk of future diabetes [7].

A number of papers have hypothesized the value of con-
suming low glycemic index foods to decrease the overall
glycemic response of the diet for long-term benefit. Meta-
analyses of the effect of low glycemic index (GI) diets
indeed demonstrated beneficial effects on body weight in
people with obesity and prevention of T2D and cardiovas-
cular diseases [8—10].

However, the magnitude of the reduction of postpran-
dial glycemic response using dietary interventions such
as low GI foods or meals, compared to high GI interven-
tions in relation to longer-term established diabetes-related
risk factors has not been quantified. At the moment, the
majority of dietary studies investigate individual foods and
their ability to reduce glucose levels over a period of a
single meal only. It is therefore important to understand
the relevance of these single meal studies by investigating
the quantitative reductions in PPG/PPI needed acutely to
induce relevant changes on established longer-term risk
factors chronically, and disease prevention ultimately.
Therefore, the aim of this work was to quantify the rela-
tionship between acute glucose and insulin postprandial
responses and their effects on diabetes-related risk factors
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over time by performing a systematic review and meta-
analysis of controlled postprandial glucose-lowering die-
tary intervention studies.

Methods
Data source and searches

The bibliographic databases Elsevier Medical Database
(EMBASE) and the US National Library of Medicine
database (MEDLINE via the PubMed portal) were sys-
tematically searched for relevant papers until Septem-
ber 13, 2019. Relevant papers that were identified while
developing the search string or based on authors’ own files
were manually included when needed. Search terms were
defined by the research question, including terms for GI/
glycemic load (GL) dietary interventions, postprandial
responses, and study design. Indexed terms were used
from MeSH in PubMed and from EMtree in EMBASE.
Free-text terms were used in both databases as well. The
full search strategies for both databases can be found in
Supplementary File 1. The protocol and search strategies
used were registered at PROSPERO prior to the study
being executed (CRD42018093153).

Study selection

Titles and abstracts were screened in duplicate, indepen-
dently by pairs of reviewers (MA, JWB, JMD, LE, CR, FS,
SV, MDR) and differences were resolved by consensus. Full-
text papers were screened independently by two reviewers
(MA, JWB, LE, MDR, CR) for eligibility. Studies were
included if they: (1) studied any human population, includ-
ing healthy individuals and individuals with prediabetes,
type 1 and type 2 diabetes mellitus; (2) involved any dietary
intervention that aimed at reducing GI, GL, or postprandial
glucose responses; (3) reported measures of postprandial
glucose (PPG) or postprandial insulin (PPI) as acute expo-
sures to study diets; (4) reported measures of glycemic con-
trol and/or insulin sensitivity over time as outcomes. Studies
were excluded if they: (1) had a study duration <4 weeks;
(2) were not written in the English language; (3) had no
control group; (4) had co-interventions; (5) had changes in
glucose-lowering medication use during study; (6) had no
accessible full text. If eligible full-text papers did not report
acute PPG and PPI response data, papers were checked for
references to related papers that had previously published
this data. Multiple arms of the same study were included
when these arms were independent (had different control

groups) [11].
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Data extraction

Data extraction of the included studies was performed by one
reviewer (CR) and was appraised (for a random subsample)
by a second reviewer (MA). Information on study design,
population, intervention diet, acute PPG and PPI exposures
(levels per time point, AUC, incremental AUC (iAUC) and
outcome measures (markers of glycemic control and insulin
sensitivity) were extracted. In case of missing data on expo-
sures and outcomes, the authors were contacted to provide
the required information. If the authors did not respond and
relevant information was available in figures (i.e., bars for
AUC, and responses per time point from graphs), data were
extracted from figures using the Microsoft Excel add-in tool
TM Image-to-data (tushar-mehta.com).

Quality assessment

Two reviewers (CR and MA) independently assessed
the methodological quality of full-text papers using the
Cochrane Risk of Bias Tool [12]. Differences in scores were
resolved by consensus. Potential risk of bias was assessed by
scoring seven different items (random sequence generation,
allocation concealment, blinding of participants and person-
nel, blinding of outcome assessment, incomplete outcome
data, selective outcome reporting, other sources of bias) with
low, high or unclear risk of bias and is presented in Supple-
mentary Figure 1.

Data synthesis and analysis

Outcome data were extracted if reported for at least five
comparisons. The exposure and outcome measures glucose
and insulin, with variance measure were transformed into SI
units [mmol/l for glucose (=0.0555 x mg/dl) and pmol/l for
insulin (=6 X microU/ml)].

In case postprandial responses were reported as data per
time point (in table or as a figure), iIAUCs were calculated by
the trapezoidal method as net iAUC [13]. Relative changes
in exposures PPG and PPI were calculated as:

1AUC;

intervention

1AUC

—1AUC 1ol % 100%.

control

The outcome was a mean difference between interven-
tion and control. Baseline and post-intervention means
with standard deviations (SD) or standard error of the mean
(SEM) for the intervention and control groups were
extracted, transforming SD into SEM (SEM:SD/\/N,
where N =subject population). When actual P values were
reported, these were used to estimate the SEM [11]. In
parallel studies, the absolute change in outcomes was

calculated by subtracting the change from baseline in the
control group from the change from baseline in the inter-
vention group. In crossover studies, the post-intervention
measure of the control group was subtracted from the post-
intervention measure of the intervention group. The vari-
ance of the absolute changes in outcomes was calculated

2
as (\/SEintervention +SE

( \/SEizntervemion end T SEzomm] ena — 27 X SEinerventionend X SEcontrotend )
for crossover studies, assuming a within-subject correlation
coefficient of 0.8.

Random effects meta-regression analyses were conducted
(if number of comparisons k> 10) to estimate the associa-
tion between changes in the acute PPG/PPI exposures and
changes in longer-term risk factor outcomes. As additional
analyses, overall effects on the acute postprandial exposures
and on the outcome variables were estimated by meta-analyses
and illustrated by forest plots. In these additional analyses,
the postprandial exposures were expressed as mean postpran-
dial levels, calculated as iAUC divided by time. The Q test
(Chi? statistic, P <0.05) was used to evaluate between-study
heterogeneity in meta-analysis and the residual heterogene-
ity in meta-regression analysis. The /? statistic was used for
quantification of the degree of heterogeneity and is interpret-
able as the percentage of the total association that may be due
to heterogeneity between studies (/*>50% was considered a
meaningful level of heterogeneity) in meta-analysis and as
the residual heterogeneity in meta-regression analysis after
correction for the changes in acute PPG/PPI exposures. The
Pearson correlation coefficient between the change in PPG and
the change in PPI was calculated. Bubble charts were created
to visualize the relationship between the % relative change
in PPG/PPI and the change in diabetes-related risk factors.
Planned subgroup analyses stratified by normal versus abnor-
mal glucose metabolism (non-diabetic hyperglycemia or dia-
betes) could not be conducted (because of k comparisons < 10
per subgroup). Instead, for each comparison, normal versus
abnormal glucose metabolism was marked by color in the bub-
ble charts (abnormal glucose metabolism was defined on a
study group level as being either impaired fasting glucose and/
or impaired glucose tolerance and/or HbAlc> 5.7 (%) and/or
use of glucose-lowering medication).

Meta-analysis was conducted in Review Manager (RevMan
version 5.3. Copenhagen): The Nordic Cochrane Centre, The
Cochrane Collaboration, 2014). Meta-regression analysis was
performed in R version 3.4.2 using the Metafor package.

ﬁomml) for parallel studies and

Results
The search retrieved 13,004 papers and an additional 3

potentially relevant papers were found manually and added
to the database for screening (Fig. 1). After removal of
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duplicates, 6964 papers were screened based on titles and
abstracts; 146 full-text papers were finally assessed for eligi-
bility. The main reasons for exclusion were: acute effects not
reported (58 out of 128 excluded papers), not a PPG-lower-
ing dietary intervention, and not a controlled trial. A total
of 17 studies were eligible, of which 13 papers delivered
all relevant data needed for quantitative analyses [14-25].
Three studies reported acute and chronic effects of the same
dietary intervention in different papers [18, 26, 27] and [22,
28, 29]. One paper [21] reported data from two interven-
tion and two control diets, thereby adding two independent
comparisons. The total number of comparisons retrieved

from the included set of papers for the quantitative analyses
was 14. For PPG, there were 14 comparisons with outcome
FPG, 12 with fasting insulin, and 7 with HbAlc. For PPI,
there were 11 comparisons with outcome FPG, 10 for fasting
insulin, and 4 for HbAlc.

Table 1 summarizes the characteristics of the stud-
ies included in the quantitative analyses. Two out of 14
comparisons aimed to reduce postprandial glucose via
mulberry leaf extract supplementation [14, 19], while the
other comparisons were dietary interventions of whole
diet low GI (LGI) versus high GI (HGI) (6 comparisons),
low GI breakfast (1 comparison), carbohydrate-reduced

PRISMA 2009 Flow Diagram

w

)
- Records identified through database Additional records identified
.g searching Embase (n = 7377) and through other sources
e Pubmed (n =5627) (n=3)
SE (n = 13004)
3
__J v v
PR Records after duplicates removed
(n = 6964)
&
o
e A4
b Records screened Records excluded
(n = 6964) (n=6818)
—
Full-text articles assessed Full-text articles excluded, with
2 for eligibility reasons (n = 128):
3 (n=146)
E’ No acute effects reported (n = 58)
. Not GI/GL intervention (n = 29)
Y Wrong study design (n = 25)
— Studies included in Study duration < 4 weeks (n = 4)
qualitative synthesis Not English language (n = 4)
) (n=18) No chronic effects reported (n = 3)
Co-intervention (n = 2)
- Full-text not accessible (n = 2)
% Y Changes in glucose-lowering
% Studies included in medication use during the
= guantitative synthesis intervention study (n = 1)
(meta-analysis)
L (n=14)

Fig.1 PRISMA flowchart of study inclusion. PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analysis, GI glycemic
index, GL glycemic load
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high-protein diet (1 comparison), type of rice (2 compari-
sons) and liquid carbohydrate-modified supplement (2
comparisons). At baseline, five comparisons (four stud-
ies) included individuals with normal glucose metabolism
and nine comparisons included individuals with abnor-
mal glucose metabolism. The study duration ranged from
4 weeks to 3 months. The intervention was applied to >3
main meals in nine comparisons, and to < 3 main meals in
five comparisons. The duration of postprandial measure-
ment ranged from 120 to 540 min, with a median and most
frequent duration of 180 min.

The majority of the studies scored a high risk of bias
on blinding of participants and personnel (Supplementary
Fig. 1). All studies scored a low risk of bias on blinding of
outcome assessment and selective reporting. Randomiza-
tion and allocation concealment scored most frequently an
unclear risk of bias.

The acute relative change in iAUC glucose ranged from
— 121 to 3.5%, with a median of — 27.1%. The acute rela-
tive change in iAUC insulin ranged from — 36.8 to 33.2%,
with a median of — 29.2%. The correlation between the
change in iAUC glucose and the change in iAUC insulin
was 0.69 (P=0.019), see Supplementary Fig. 2.

Overall, the dietary interventions acutely reduced the
absolute mean PPG levels (mean difference — 0.27 mmol/l;
95% CI — 0.41 to — 0.14; P<0.0001; Supplementary
Fig. 3A), but this effect was not significant for mean PPI
level (mean difference — 7.47 pmol/l; 95% CI — 16.79 to
1.86; P=0.12; Supplementary Fig. 3B).

No significant overall chronic effects were found for
dietary intervention studies on fasting plasma glucose
(mean difference 0.03 mmol/l; 95% CI — 0.27 to 0.33;
P =0.83) and fasting insulin (mean difference 3.10 pmol/l;
95% CI — 2.37 to 8.56; P=0.27), but an overall reduction
in HbA 1c was observed (mean difference — 0.20%; 95% CI
—0.35to — 0.05; P=0.01) (Supplementary Fig. 4A-C).

The relationships between % relative acute changes in
PPG/PPI and changes in FPG, fasting insulin, and HbAlc
are presented in Fig. 2 and Supplementary Fig. 5. Three
out of these six relationships had sufficient comparisons/
data (k> 10) to conduct meta-regression analyses (Fig. 2).
Changes in acute PPG responses were associated with
changes in FPG (per 10% change in PPG: f=0.085;
95% CI 0.003, 0.167; k= 14), but not with fasting insu-
lin (#=1.196; 95% CI — 0.321, 2.714; k=12). Changes
in acute PPI responses were not associated with changes
in FPG (per 10% change in PPI: f=— 0.017; 95% CI
— 0.056, 0.022; k=11). By visual inspection, no dif-
ferences in results were observed between studies with
individuals with normal glucose metabolism versus stud-
ies with individuals with abnormal glucose metabolism
(Fig. 2). Heterogeneity of all meta-analyses and meta-
regression results was always below an I? of 50% with the

exception of the overall effects of the interventions on FPG
(96%) and the association between acute PPG response
and FPG (91.4%).

Discussion

This systematic review and meta-analysis of controlled
dietary intervention studies aimed to investigate the size of
the association between acute PPG and PPI responses and
longer-term effects on diabetes-related risk factors. The evi-
dence to examine this association was found to be limited to
a set of 13 heterogeneous studies reporting 14 comparisons.
An association was found between the size of the reduc-
tion in acute PPG exposures to study diets and FPG, but not
between PPG and fasting insulin and HbAlc. No associa-
tions were found between acute PPI exposures and any of
the outcomes.

A strength of this meta-analysis was the systematic
approach to identify studies. Moreover, among included
studies, the range in both PPG changes (— 121% to+4%)
and PPI changes (— 37% to+33%) was substantial, which
provided enough variation in exposures to potentially iden-
tify an association with outcomes. An important limitation
was that our systematic review procedure yielded only a
small number of studies that actually assessed PPG and PPI
exposures to the diets under study. Most studies that aimed
to reduce such exposures have designed the study diets based
on published GI tables, or assumed effects on PPG, without
quantification of actual PPG exposures, and were therefore
not eligible for the present review. This perhaps identifies a
limitation in the way nutritional research is currently under-
taken. The small number of studies reduced study power and
precluded analyses of effects on other outcomes (HbAlc).
Another limitation of this meta-analysis is that the set of
included studies were heterogeneous in study design and the
number of studies did not allow for stratification by these
sources of heterogeneity. Some major sources of potential
heterogeneity were glucose metabolism status and the inten-
sity of the intervention. Indeed, subjects with normal and
abnormal glucose metabolism might respond differently to
low GI interventions with a greater change in FPG reported
previously in subjects with poor glycemic control [9]. The
intensity of the intervention varied, as some involved all
meals (whole diet approach) and others one meal only, which
hampers quantification of PPG exposures during the day.
Other potential sources of heterogeneity were study quality,
duration of the chronic intervention and compliance to diets.

In our selected set of studies, a significant reduction in
HbA 1c, but no other longer-term risk factors (fasting glucose
and insulin) following PPG-lowering dietary interventions of
at least 4 weeks was found. These findings seem to be some-
what at odds with previous GI/GL epidemiologic and some
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Fig.2 Bubble charts of the
relationship between % relative
change in PPG and absolute
change in a FPG and b fasting
insulin. ¢ The relationship
between % relative change in
PPI and absolute change in
FPG. The size of the bubbles
indicates the weight of each
study (inverse variance); *per
10% change in PPG; ®per 10%
change in PPI. Random effects
meta-regression analyses were
conducted (if number of com-
parisons k> 10) to estimate the
association between changes in
the acute PPG/PPI exposures
and changes in longer-term risk
factor outcomes. The I statistic
was used for quantification of
the degree of heterogeneity and
is interpretable as the percent-
age of the total association that
may be due to heterogeneity
between studies (2> 50% was
considered a meaningful level
of heterogeneity) in meta-
analysis and as the residual het-
erogeneity in meta-regression
analysis after correction for the
changes in acute PPG/PPI expo-
sures. Bubble charts were cre-
ated to visualize the relationship
between the % relative change
in PPG/PPI and the change in
diabetes-related risk factors. For
each comparison, normal versus
abnormal glucose metabolism
was marked by color in the bub-
ble charts (abnormal glucose
metabolism was defined on a
study group level as being either
impaired fasting glucose and/or
impaired glucose tolerance and/
or HbAlc>5.7 (%) and/or use
of glucose-lowering medica-
tion). Meta-regression analysis
was performed in R version (%]
3.4.2 using the Metafor pack-

age. FPG fasting plasma glu-

cose, PPG postprandial glucose,

PPI postprandial insulin

k=14

2
1 =91.4%

A treatment FPG
(nzmol/l)

k=12

1 =35.4%

A treatment insulin
(pmel/1)

)

(%)
o

A treatment FPG
(mmol/l

intervention studies. Indeed, several prospective cohort stud-
ies have shown an association between GI/GL and the risk
of T2D [30-33]. In a meta-analysis of prospective cohort
studies, Barclay et al. concluded on an independent effect
of GI/GL on the risk of developing T2D [34]. However, due
to their observational nature, one cannot exclude the role
of confounders (e.g., other dietary factors) in the observed
association with T2D.

@ Springer
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As reviewed by Blaak et al. results from short-term GI/
GL intervention on insulin sensitivity and/or secretion still
remain inconclusive [2]. While 11 studies demonstrated a
beneficial effect on insulin sensitivity or insulin secretion,
10 papers did not report any difference. Livesey et al. per-
formed a systematic review and meta-analysis of interven-
tion trials on GI and markers of health [9]. They concluded
on a favorable effect of consumption of reduced glycemic
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response diets on reduction of FPG and glycated proteins.
However, the effect of low GI interventions seems to vary
according to the subjects’ glucose control status. Indeed, the
improvement in fasting blood glucose and glycated proteins
was reported to be greater in subjects with poor fasting glu-
cose control (>5 mmol/l). Also, weak evidence suggested
a reduction in fasting insulin concentration, only in people
who were overweight or obese with fasting insulin concen-
trations above 100 pmol/l. We did not have sufficient data
to tease out the differential effects between individuals with
normal versus abnormal glucose metabolism, but the visual
inspection did not indicate any differences between studies
among individuals with normal versus abnormal glucose
metabolism. The discrepancies with Livesey’s meta-anal-
ysis may be partially explained by the studies included [9].
Indeed, we only included studies in which the effect on the
acute reductions of postprandial glycemia was quantified,
while this effect was not assessed in most of the 45 publica-
tions included in Livesey et al.’s meta-analysis [9]. Despite
the lack of overall effect on fasting glucose, the present
study revealed a relationship of PPG with fasting plasma
glucose. Given the heterogeneity of the studies and the lack
of overall effect on fasting glucose, these results should be
interpreted with care. On the other hand, our data do provide
some support for a relationship between the intensity of the
postprandial glucose response and that of the reduction in
fasting glucose.

Although there is abundant evidence that elevated blood
glucose, concomitantly with elevated insulin concentration,
leads to a transitory deleterious metabolic and hormonal
state and oxidative stress, involving the liver, the pancreas,
skeletal muscles, lipid metabolism interactions as well as
incretins and inflammatory parameters, the exact role of PPG
and the relevant magnitude of effect in this process remains
unknown [2]. However, it has been postulated that glyce-
mic variability may be a much better indicator for related
metabolic effects [35]. Indeed, multiple cohort studies have
shown that a high glycemic variability is associated with an
increased risk of cardiovascular disease in people with T2D
independent of mean plasma glucose or HbAlc [36-38].

Daily exposures to glucose can currently be measured
relatively non-invasively via continuous glucose monitor-
ing (CGM) systems. In the present dataset, only one of the
included studies utilized this system [28]. In an observa-
tional study that used CGM, a positive relationship between
PPG and HbA 1c was found, both in healthy individuals and
those with diabetes yyyy [39]. Further application of CGM
in (dietary) intervention studies that aim to reduce glycemic
exposure would provide better understanding of achieved
reductions in overall PPG exposure and variability. This will
enable the estimation of relevant PPG reductions as well as
setting benchmarks for PPG exposure in future interventions.

In conclusion, only a limited number of postprandial
glucose-lowering dietary intervention studies measure the
actual reductions in acute PPG/PPI to the intervention,
which they then go on to administer chronically. In this
small heterogeneous set of studies, an association was found
between the magnitude of the acute postprandial responses
and the change in fasting glucose but no other outcomes. To
enable setting quantitative benchmarks for PPG/PPI reduc-
tions, future dietary intervention studies should consider
measuring PPG/PPI exposure to study diets before embark-
ing on a long-term dietary intervention. Similarly, investiga-
tors should be encouraged to move beyond the single acute
meal study and to follow these up with a chronic interven-
tion, to establish the true effects on metabolic risk.
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