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Abstract
The Diabetes Prevention Program (DPP) was a randomized clinical trial of prevention of type 2
diabetes in high-risk people. Troglitazone, an insulin-sensitizing agent, was used initially but was
discontinued during the trial. Troglitazone therapy was compared with other DPP interventions,
considering both the short-term “in-trial” results and the longer-term results after troglitazone were
discontinued. From 1996 to 1998, participants were randomly assigned to treatment with metformin
(n = 587), troglitazone (n = 585), double placebo (n = 582), or intensive lifestyle intervention (ILS)
(n = 589). Because of concern regarding its liver toxicity, the troglitazone arm was discontinued in
June 1998, after which follow-up of all participants continued. During the mean 0.9 year (range 0.5–
1.5 years) of troglitazone treatment, the diabetes incidence rate was 3.0 cases/100 person-years,
compared with 12.0, 6.7, and 5.1 cases/100 person-years in the placebo, metformin, and ILS
participants (P < 0.001, troglitazone vs. placebo; P = 0.02, troglitazone vs. metformin; P = 0.18,
troglitazone vs. ILS). This effect of troglitazone was in part due to improved insulin sensitivity with
maintenance of insulin secretion. During the 3 years after troglitazone withdrawal, the diabetes
incidence rate was almost identical to that of the placebo group. Troglitazone, therefore, markedly
reduced the incidence of diabetes during its limited period of use, but this action did not persist.
Whether other thiazolidinedione drugs used for longer periods can safely prevent diabetes remains
to be determined.

The Diabetes Prevention Program (DPP) was a randomized clinical trial of prevention of type
2 diabetes in people at high risk of diabetes (1). Enrollment began in 1996 with randomization
to four treatment groups. Three treatments were standard healthy lifestyle recommendations
plus placebo, metformin, or troglitazone. The fourth treatment was intensive lifestyle (ILS),
which consisted of no drugs and the same lifestyle recommendations given to the
pharmacologic groups, but the lifestyle advice was given with much more behavioral support.
The details of these treatments and the results of three of the interventions have been described
(1–3), and the protocol is available at http://www.bsc.gwu.edu/dpp/protocol.htmlvdoc.

In planning the DPP (from 1994 to 1996), the research group considered testing several drugs
affecting insulin secretion and sensitivity. Metformin and troglitazone, two drugs of different
classes with different actions, were chosen. Metformin had been used worldwide in treating
type 2 diabetes for several decades but was not approved in the U.S. until 1994. Troglitazone,
an insulin-sensitizing thiazolidinedione, showed promise in improving insulin sensitivity and
glucose tolerance (4). Its use was started in the DPP in 1996 as an investigational drug. It was
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then approved in the U.S. for diabetes treatment in 1997 but was withdrawn from the DPP in
1998 and from the U.S. market in 2000 because of liver toxicity. In this study, we report the
results of troglitazone treatment both before and after its discontinuation during the DPP.

RESEARCH DESIGN AND METHODS
Previous publications describe the DPP study design (1–3), recruitment (5), measurement
methods (6), characteristics of the randomized participants (6), and main outcomes of the three
main treatment arms: placebo, metformin, and ILS (1). Eligibility criteria, described in detail
previously (2), included age of ≥25 years, fasting plasma glucose (FPG) level of 5.6–7.7 mmol/
l before June 1997 and 5.3–6.9 mmol/l after that date, 2-h plasma glucose level of 7.8–11.0
mmol/l, and BMI of ≥24 kg/m2 (≥22 kg/m2 in Asian Americans). The development of diabetes
was assessed by 6-month measurements of FPG and annual oral glucose tolerance tests
(OGTTs) following American Diabetes Association 1997 criteria (7). The diagnosis was
confirmed by a second test (2).

Insulin secretion and sensitivity were estimated from the OGTT (8–9). Insulin secretion was
estimated by two methods: 1) the corrected insulin response (CIR) = 30 min insulin/[30 min
glucose × (30 min glucose − 3.89 mmol/l)] (10), and 2) the insulin-to-glucose ratio (IGR) =
(30 min insulin − fasting insulin)/(30 min glucose − fasting glucose) (11). IGR and CIR were
highly correlated at baseline (Spearman r = 0.95). Insulin sensitivity was estimated by 1/fasting
insulin or by the insulin sensitivity index (ISI), which is 1/(fasting insulin × fasting glucose)
(12). An index proportional to the reciprocal of ISI, i.e., the product of fasting insulin and
fasting glucose, has also been named HOMA-IR for homeostasis model assessment of insulin
resistance (13). ISI and 1/fasting insulin were, as expected, highly correlated at baseline
(Spearman r = 0.99). The glucose and insulin measurements and the indexes derived from them
are expressed in SI units, although some indexes were originally defined in other units. Some
have been multiplied by constants (shown in Table 3) to give results on a convenient scale.
These indexes and the serum insulin concentrations were not normally distributed and included
outliers that might influence relationships. Furthermore, the IGR could not be logarithmically
transformed because of negative values. Therefore, medians, rather than means, are presented,
and changes over time and group differences were analyzed nonparametrically.

Four treatments (placebo, 850 mg of metformin twice a day, 400 mg of troglitazone every day,
and ILS) were included initially. By protocol, each participant in the pharmacologic
intervention groups was to take two coded medications in a double-masked fashion daily,
consisting of two coded metformin pills and one coded troglitazone pill. They were randomly
assigned either to active metformin plus placebo troglitazone, active troglitazone plus placebo
metformin, or placebo metformin plus placebo troglitazone. Standard lifestyle
recommendations for all medication treatment group participants were provided in the form
of written information and an annual 20- to 30-min individual session on healthy eating and
increasing physical activity. Approximately one-fourth of those enrolled before 4 June 1998
were randomly assigned to troglitazone. Three of the four participating Native-American
communities declined to include the troglitazone arm, so results from all participants in all
intervention arms from these centers are excluded here. Native-American participants from the
other centers are included.

Adverse events were ascertained from the participants at all scheduled follow-up visits.
Potential adverse hepatic events of troglitazone were monitored in the three pharmacologic
treatment arms by tests of alanine aminotransferase and aspartate aminotransferase. Initially,
these liver enzymes were tested at baseline, 3 and 6 months after start of drug therapy, and
every 6 months thereafter. As concerns regarding liver toxicity developed, increased
monitoring, including monthly testing for the first 7 months of therapy, was initiated. The
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troglitazone arm was discontinued in June 1998 (2). All study participants were informed of
the drug discontinuation. Participants assigned to troglitazone were unmasked to their drug
assignment, instructed to stop taking the study drug, and followed for outcomes on the same
schedule as the other DPP participants, i.e., semiannual measurement of FPG and annual
OGTTs based on the original randomization date. The participants originally randomized to
troglitazone were offered quarterly lifestyle group sessions starting in September 1998 that
were designed to provide basic information about losing weight through healthy eating and
physical activity. This intervention was less intensive than that provided to the ILS participants
because individual counseling was not provided.

Follow-up experience reported in this article is divided into time before and after 4 June 1998,
when troglitazone was discontinued, and is presented only for participants from all four
intervention groups who had been randomly assigned by this date. Virtually all participants
assigned to troglitazone were contacted within a few days of 4 June 1998 to implement the
treatment changes. No additional unscheduled OGTT outcome visits were performed at the
time of drug discontinuation. All outcome assessments before 4 June 1998 were performed
under the original treatment assignments. After troglitazone was stopped on that date, follow-
up FPG and OGTT measurements were continued at 6- and 12-month intervals from the date
of randomization, not from 4 June 1998. Therefore, after discontinuation of troglitazone,
outcome data in this group represent various durations of exposure to troglitazone and time off
of the drug, depending on each participant’s date of randomization.

Analyses were done using SAS version 8.2 (SAS Institute, Cary, NC). Incidence rates of
diabetes were computed as new cases per 100 person-years of follow-up. Both cases and
person-time were stratified based on whether follow-up occurred before or after 4 June 1998.
Cumulative incidence rates of diabetes were computed (14) over two periods: starting from
randomization and among those remaining nondiabetic on 4 June 1998, starting from that date
through 31 July 2001, when the initial masked phase of the DPP was completed. Time to
outcome events was assessed by life-table methods (14). Modified product-limit cumulative
incidence curves were compared using the log-rank test.

Normal-errors fixed-effects models (15) assessed differences among the three groups over time
for body weight, plasma glucose, and waist circumference. P values for comparisons between
any two treatment arms were adjusted for multiple comparisons (16). Nonparametric tests were
used for insulin secretion and sensitivity estimates, because these variables were highly
skewed. P values for comparisons at baseline and year 1 and for the change from baseline to
year 1 were computed using the Kruskal-Wallis test across all four treatment arms; two-way
comparisons between each treatment with troglitazone used the Wilcoxon test with Bonferroni-
adjusted P values. The signed-rank test was used to compute P values for the significance of
the changes within treatment arm from baseline to year 1.

RESULTS
Participants and adherence

Participants were randomly assigned to placebo (n = 582), metformin (n = 587), troglitazone
(n = 585), and ILS (n = 589). The mean age was 51 years, the mean BMI was 33.9 kg/m2, 65%
were women, and the racial/ethnic distribution was white (58%), African American (19%),
Hispanic (17%), Asian American (5%), and Native American (1%). None of these baseline
variables differed significantly by treatment group.

Among the three pharmacologic treatment arms, adherence to taking DPP pills was defined as
the percentage of participants taking at least 80% of their prescribed dose as measured by pill
count. Adherence was assessed quarterly and averaged over all visits before 4 June 1998, when
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troglitazone was stopped. Adherence, assessed for each medicine (metformin or troglitazone)
or its placebo in each of the three pharmacologic arms (placebo, metformin, and troglitazone),
is shown in Table 1. Adherence for all groups taking placebo ranged from 76 to 78%; it was
lower for active metformin (72%) and higher for active troglitazone (83%).

Responses to treatment
Baseline and follow-up values of body size and glucose measurements are shown in Table 2
and Fig. 1. Weight, waist circumference, and fasting glucose were measured in all participants
regardless of development of diabetes. The OGTT was not performed once a diagnosis of
diabetes had been confirmed, but as this occurred rarely before the first annual visit, there were
few missing observations by this time. The numbers of observations declined with increasing
follow-up because of the variable randomization date together with a common closing date for
the analysis. Body weight increased slightly in the placebo group and to a greater extent in the
troglitazone group, and it declined in the metformin and ILS groups, most markedly in the
latter. Waist circumference also increased slightly in the troglitazone group and decreased
markedly in the ILS group. Fasting glucose increased, on average, in the placebo group and
fell in the active treatment groups, whereas the average 2-h postload glucose concentrations
declined in all groups, especially in the ILS and troglitazone groups.

Treatment effects on insulin secretion and sensitivity were assessed by changes in the median
values among the 706 participants who had all the OGTT and insulin measurements at baseline
and at the first annual follow-up examination (Table 3). Fasting insulin concentrations
decreased significantly from baseline in all but the placebo group. The improvement in insulin
sensitivity (estimated by 1/fasting insulin or ISI) was significantly greater with troglitazone
than with placebo or metformin but not significantly greater than in the ILS group. Despite the
improvement in both estimates of insulin sensitivity in all three active treatment groups, insulin
secretion in response to oral glucose (Table 3, CIR and IGR) did not change significantly during
the year of treatment in any group. Furthermore, the 1-year changes in CIR and IGR did not
differ significantly among treatment groups.

Diabetes incidence by 4 June 1998
Figure 2A shows the cumulative incidence of diabetes in 1.5 years during the period when
troglitazone was administered. Because recruitment took place from June 1996 up to the time
troglitazone was discontinued, fewer people are represented at each follow-up time point, as
shown by the sample sizes in the figure. Diabetes developed in 10 of the 387 troglitazone
participants (with 330 person-years of follow-up) who had a follow-up diabetes assessment
visit during the mean 0.9 years (range 0.5–1.5 years) of troglitazone treatment. During the same
time period, 21 of 397 participants (313 person-years) assigned to metformin, 16 of 393 (317
person-years) assigned to ILS, and 37 of 391 (309 person-years) assigned to placebo developed
diabetes. Diabetes incidence rates were lower in all three active treatment groups than in the
placebo group (Fig. 2B). Similar to the 2.8-year three-group study results reported previously
(1), in this subset, diabetes incidence rates were 12.0 cases/100 person-years in the placebo
group, 6.7/100 person-years with metformin, and 5.1/100 person-years in the ILS group. The
rate was lowest in the troglitazone group (3.0 cases/100 person-years), a 75% reduction from
the placebo rate. Overall, there was a highly significant difference among the four groups (P
< 0.001). In pairwise group comparisons, the rate in the troglitazone group was significantly
lower than those in the placebo (P < 0.001) and metformin (P = 0.02) groups, but it did not
differ significantly from that in the ILS group (P = 0.18).

Diabetes incidence before and after discontinuation of troglitazone
Figure 3A shows the cumulative incidence of diabetes in the placebo and troglitazone groups
as a function of time since randomization until 31 July 2001, immediately preceding the
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announcement of study results. This includes the time before and after troglitazone was
discontinued on 4 June 1998. There was a large separation of these curves in the 1st year or
so, reflecting the time of troglitazone use. After that, the curves were nearly parallel.

Figure 3B shows the cumulative incidence of diabetes after 4 June 1998, when the troglitazone
treatment was discontinued, among individuals who had not developed diabetes by this date.
There was virtually no difference between the two groups from this date onward.

Figure 3C shows the diabetes incidence rates, in new cases per 100 person-years, as a function
of calendar time so that results before and after the discontinuation of troglitazone can be easily
compared. Before 4 June 1998, the troglitazone group had a 75% lower diabetes incidence rate
than the placebo group, as shown in Fig. 2. In the year after troglitazone discontinuation, the
incidence rate in this group had risen to nearly the placebo rate, and the rates in the two groups
were virtually identical in subsequent years.

Adverse events
During the active troglitazone period, the numbers (and percents) of participants for whom
selected adverse events was reported are shown in Table 4. The numbers developing congestive
heart failure, myocardial infarction, and anemia did not differ significantly among treatment
groups, whereas edema was reported in fewer metformin participants (P < 0.05 adjusted for
multiple comparisons). There were no significant differences among the three drug-treatment
arms in elevations of the routinely monitored liver enzymes to at least 3.0 times the upper limit
of normal. Comparable statistics are not available for the ILS group, because liver enzymes
were not measured on the same schedule due to lack of a safety concern. Elevations to at least
10 times the upper limit of normal occurred in one (0.2%), zero, and seven (1.2%) individuals
in these three treatment groups. When subjects with this degree of elevation were compared
with all others, the difference was statistically significant (P < 0.01 by Fisher’s exact test). One
death due to liver disease occurred in the troglitazone group, contributing to the decision to
withdraw troglitazone from the DPP (2).

DISCUSSION
The DPP was designed to determine whether type 2 diabetes could be prevented or delayed
through lifestyle or medication interventions applied in a high-risk population. Troglitazone
was selected for the DPP before it was approved in the U.S. for the treatment of diabetes based
on data demonstrating its ability to reduce insulin resistance (4), a major pathophysiologic
abnormality leading to diabetes. Clinical data available at the time (from treatment of >3,000
diabetic and nondiabetic volunteers) supported the lack of side effects and safety of the drug,
and troglitazone was approved for diabetes treatment in the U.S. ~1 year after the DPP was
initiated. Its potential for rare but potentially fatal hepatotoxicity was recognized only after
tens of thousands of patients were treated. On the basis of increasing concern regarding its
safety and of a death in a troglitazone-treated DPP participant (2), the troglitazone arm of the
DPP was stopped on 4 June 1998, ~2 years before its withdrawal from the market in the U.S.

Despite the mean exposure of only 0.9 years and the limited number of troglitazone-treated
individuals with adequate follow-up to assess the incidence of diabetes, the DPP results suggest
that troglitazone might have been the most effective of all of the DPP interventions. Compared
with placebo, metformin, or ILS interventions, troglitazone had the greatest impact on the
development of diabetes, reducing the development by 75% compared with placebo. ILS and
metformin reduced the development of diabetes by 58 and 44%, respectively, during the same
abbreviated period described in this article, similar to the 58 and 31% reductions compared
with placebo after 2.8 years in the complete trial (1). There were insufficient data, with only
10 cases of diabetes developing during 330 person-years of follow-up in the troglitazone group,
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to examine the results according to age, ethnicity, BMI, etc., as reported in the complete trial
(1). Whether longer-term experience with troglitazone would have resulted in similar or greater
prevention of diabetes than the ILS intervention and metformin is not known. In addition,
whether the currently available and less hepatotoxic thiazolidinediones, rosiglitazone and
pioglitazone, would have a similar reduction in the development of diabetes remains to be
determined. At least one such clinical trial with rosiglitazone, the Diabetes Reduction
Assessment with Ramipril and Rosiglitazone Medication Trial, is in progress (H. Gerstein,
personal communication).

Possible mechanisms of the preventive effects of the interventions include effects on insulin
sensitivity and insulin secretion, because defects in each contribute to the development of type
2 diabetes in people with impaired glucose tolerance (17). No direct measures of insulin
secretion or sensitivity were feasible in this large clinical trial, so we relied on indirect estimates
from the fasting and 30-min glucose and insulin concentrations during the OGTT. We selected
two estimates of secretion (CIR and IGR) that were highly correlated with each other and that,
in other studies of nondiabetic individuals, were well correlated with a more direct measure of
insulin secretion, the acute insulin response to intravenous glucose (8). The two estimates of
insulin sensitivity (1/fasting insulin and ISI) were also highly correlated with each other and
are associated with insulin sensitivity measured by the euglycemic clamp (8–9). We used two
estimates of each parameter because neither is clearly superior and both strongly predicted the
development of diabetes in the full-scale trial (DPP Research Group, unpublished
observations). Not surprisingly, the conclusions were the same using either estimate of
secretion or of sensitivity. After 1 year of treatment, there was no significant change in secretion
or sensitivity in the placebo group, but sensitivity increased in the other groups with no
significant change in secretion. A compensatory drop in insulin secretion might have been
expected to accompany the increased sensitivity, because of the inverse (hyperbolic)
relationship between insulin secretion and sensitivity (18). The apparent lack of change in
insulin secretion in the active treatment groups may represent preservation of β-cell function
or could simply result from the imprecision of these estimates of secretion (8) or the relatively
short follow-up period.

We also determined the long-term incidence of diabetes after withdrawal of troglitazone. The
DPP included 1,467 person-years of observation of the troglitazone group after the drug was
discontinued and 1,529 person-years in the placebo group. During this time, diabetes developed
in 140 and 137 subjects previously assigned over the same time period to placebo or
troglitazone, respectively. Thus, we did not confirm a sustained effect of troglitazone to reduce
diabetes incidence when the drug was no longer administered. This contrasts with the report
from the TRIPOD study of diabetes prevention in high-risk Hispanic women with a history of
gestational diabetes (19). In that study, 84 women were followed for <1 year after the drug
was stopped, during which time seven new cases of diabetes developed: six in the former
placebo group and one in the former troglitazone group. The investigators interpreted these
results as a troglitazone effect persisting after drug discontinuation, an effect not seen in the
DPP.

The postwithdrawal findings in the DPP, however, highlight an interesting long-term effect.
Although the rate of development of diabetes did not differ between troglitazone and placebo
groups after the drug was discontinued, the cumulative incidence remained different for the
remainder of follow-up. Thus, the preventive effect persisted in that the subsequent cumulative
incidence rate in the former troglitazone group did not “catch up” to that of the placebo group.
This suggests that troglitazone did not simply “mask” diabetes. With “masking,” after drug
discontinuation, the incidence rate might have rebounded to exceed the placebo rate; this did
not occur. Instead, troglitazone actually delayed or prevented the development of diabetes in
some individuals but was effective only during its active administration.
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During the short period of treatment in the DPP, troglitazone was more effective than
metformin in reducing the incidence of diabetes and both the fasting and postload glucose
concentrations. This difference may be related, in part, to better adherence with troglitazone
and to the different mechanisms of action. Adherence to active troglitazone was higher than
that to active metformin, perhaps due to the well-known gastrointestinal side effects of
metformin. Metformin primarily inhibits hepatic glucose production (20), whereas
troglitazone, a peroxisome proliferator–activated receptor γ agonist, predominantly enhances
insulin-mediated glucose uptake by improving insulin sensitivity (4). Because the postload
plasma glucose depends on the ability of circulating insulin to mediate glucose uptake in the
tissues and suppress hepatic glucose production, either increases in plasma insulin levels or
improvements in insulin sensitivity or both can decrease hepatic glucose output, improve
glucose disposal, and lower the postload glucose level.

In summary, troglitazone reduced the incidence of diabetes by 75% during its short period of
use in the DPP. However, as soon as treatment with this medicine was discontinued, the rates
of development of diabetes in the troglitazone group equaled that of the placebo group,
compatible with little or no persistent effect on diabetes incidence. The main results previously
reported for the DPP (1), as well as from other recent clinical trials (21–22), have also
established that lifestyle interventions directed at weight reduction and increased physical
activity are potent means of preventing or delaying the onset of diabetes. In the DPP and the
STOP-NIDDM study (23), metformin and acarbose, respectively, were also effective, but less
so than lifestyle intervention, in preventing the development of diabetes (1,21). Whether other
drugs in the thiazolidinedione class are effective remains to be determined.
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FIG. 1.
Mean values of body weight, waist circumference, and FPG and 2-h postload glucose
concentrations in response to treatment. Sample sizes are shown in Table 2.
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FIG. 2.
A: Cumulative incidence of diabetes during the time when troglitazone was used, according to
treatment assignment. B: Diabetes incidence rates (cases/100 person-years) with 95% CIs
during the time when troglitazone was used, according to treatment assignment.
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FIG. 3.
A: Cumulative incidence of diabetes (%) from date of randomization in participants assigned
to placebo or troglitazone. B: Cumulative incidence of diabetes (%) from date of
discontinuation of troglitazone (4 June 1998) in participants assigned to placebo or
troglitazone. C: Diabetes incidence rates (cases/100 person-years) from date of randomization,
showing the date of discontinuation of troglitazone (4 June 1998), in participants assigned to
placebo or troglitazone.
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Page 12

TABLE 1
Adherence to study medication

Treatment

Placebo group
 M-placebo 76%
 T-placebo 77%
Metformin group
 M-active 72%
 T-placebo 78%
Troglitazone group
 M-placebo 77%
 T-active 83%

Data are percentages of participants taking ≥80% of study pills averaged throughout the study. M-placebo, placebo pill for metformin; M-active, active
metformin pill; T-placebo, placebo pill for troglitazone; T-active, active troglitazone pill.
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TABLE 4
Adverse events by treatment assignment

Event Placebo Metformin Troglitazone ILS

n 582 587 585 589
CHF 0 (0.0) 1 (0.2) 0 (0.0) 1 (0.2)
MI 2 (0.3) 0 (0.0) 0 (0.0) 2 (0.3)
Anemia 7 (1.2) 5 (0.9) 7 (1.2) 4 (0.7)
Edema 31 (5.3) 8 (1.4) 27 (4.6) 26 (4.4)
LFT ≥3 21 (3.6) 18 (3.1) 25 (4.3) NA
LFT ≥10 1 (0.2) 0 (0.0) 7 (1.2) NA

Data are n (%) of individuals in each randomization group experiencing at least one adverse event of the type specified. Liver function tests were not
measured on the same schedule in the ILS group. CHF, congestive heart failure; MI, myocardial infarction; LFT ≥3, liver function test (either alanine
aminotransferase or aspartate aminotransferase) ≥3 times the upper limit of normal; LFT ≥10, liver function test (either alanine aminotransferase or
aspartate aminotransferase) ≥10 times the upper limit of normal; NA, not applicable.
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