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Phase 1 trials of molecularly targeted agents (MTA) often do not use toxicity data

beyond the first cycle of treatment to determine a recommended phase 2 dose

(RP2D). We investigated the potential utility of longitudinal relative dose intensity

(RDI) that may be a better new way of determining a more accurate RP2D as a

lower dose that is presumably more tolerable over the long term without compro-

mising efficacy. All consecutive patients who were initially treated using a single

MTA at the conventional RP2D or at one level lower dose (OLLD) of that RP2D in

9 phase 1 trials sponsored by the National Cancer Institute were included. The

associations between longitudinal RDI, time to first progression, and response rate

were analyzed. The RDI of the conventional RP2D group were maintained a rate of

≥70% throughout 10 cycles, and were higher than those of the OLLD group,

although in both groups the RDI gradually decreased with additional treatment

cycles. The RP2D group was similar to the OLLD group with respect to time to first

progression and response rate. In both groups, however, the decreasing RDI over

time was significantly associated with shorter time to first disease progression;

therefore, the longitudinal RDI, which takes into account lower grade toxicity occur-

rences, may be useful in determining a more desirable dose to use in phase 2 and 3

studies.
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1 | INTRODUCTION

The objective of phase 1 oncology trials is to determine the optimal

dose of an agent or combination of agents that can be used as the

recommended phase 2 dose (RP2D).1 The conventionally-defined

RP2D of a cytotoxic agent corresponds to the maximum tolerated

dose (MTD), which is the highest clinically-safe dose that is deter-

mined from dose limiting toxicity (DLT) data obtained during the first

and, occasionally, the second cycle of treatment. Toxicity data from

later cycles is not used to determine the RP2D; furthermore, treat-

ment changes (eg, dose reduction or treatment interruption) are

recorded but not used to determine the RP2D.2,3

While such a conventional approach has been successful for

evaluating cytotoxic agents, it may not be optimal to determine the

RP2D of molecularly targeted agents (MTA).4 In this regard, Le Tour-

neau et al.5 recommend that treatment delay and/or reduction of

relative dose intensity (RDI) be included in the definition of DLT.

Other appropriate definitions of DLT discussed6-9 include the choice

of starting dose of MTA.10 Moreover, there are patients who

develop chronic low-grade toxicities from MTA during the evaluation

period of phase 1 trials. Such events eventually warrant dose reduc-

tion or treatment interruption owing to intolerance. The conven-

tional method for determining RP2D relies on the traditional

definition of the MTD during cycle 1, wherein low-grade toxicities

are not considered and excluded from MTD determination. These

toxicities eventually become intolerable and are major factors leading

to dose reduction or interruption following the cycle 1 evaluation

period, resulting in insufficient drug exposure. The determination of

a methodology to predict an appropriate MTA RP2D, instead of bas-

ing it on a simple MTD determination, has been advocated.

A recent workshop examined FDA-approved agents for oncology

indications requiring dose reductions and interruptions in initial reg-

istration trials for small molecule kinase inhibitors.11 Of 31 approved

inhibitors, at least 8 necessitated post-marketing requirements or

commitments. There is a significant gap in the development of these

agents because of a failure to predict an appropriate administration

dose, potentially leading to late-onset and/or cumulative toxicity.12

Consequently, there is a need to assess the frequency of cases

requiring MTA dose reduction after cycle 1, and to evaluate the

duration and degree of dose lowering (ie, RDI).

Apart from MTD, a study on toxicity information in phase 1

MTA trials found that moderate and severe toxicities occur regularly

after cycle 1, and attention on RP2D determination may be war-

ranted.3 It has been suggested that RP2D assessment should incor-

porate all available information from any cycle, including lower grade

toxicities leading to decreased RDI.3

Relative dose intensity is defined as the ratio of the effectively

delivered dose to the theoretically administered cumulative dose. In

early disease, it is considered that the clinical outcome for patients

receiving a higher RDI is better than for those receiving a lower

RDI.13-15 The impact of RDI on survival in advanced/metastatic can-

cer has been inadequately studied, although it has been individually

evaluated in several other cancers and treatment settings.16-19

Recently, a review reported that in a few studies, there was an asso-

ciation between RDI and survival outcome in some patients with

metastatic cancer, an issue which has also been highlighted in other

studies.20-22

In this study, a comprehensive analysis of RDI was carried out to

address 2 issues for determination of a more accurate RP2D: (i) the

degree to which RDI is reduced in later cycles during RP2D and one

level lower dose (OLLD) of the RP2D uses in phase 1 trials, and

whether initial dose (ie, the RP2D or OLLD) matters; and (ii) whether

a reduced RDI is associated with poor clinical outcomes, such as

shorter time to disease progression or lower response rates. To this

end, we defined the RDI for each patient as the ratio of the RP2D

(or OLLD) delivered to the theoretically administered cumulative

RP2D at every cycle during the trial in the RP2D (or OLLD) group.

The associations between the RDI over the long term, time to pro-

gression, and response rate between the 2 groups were assessed.

These issues cannot be assessed with data from phase 2 or 3 trials

because they use a single RP2D of the investigational drug deter-

mined from phase 1 trials. Therefore, we used integrated data from

the 9 phase 1 trials, sponsored by the Cancer Therapy Evaluation

Program (CTEP) of the National Cancer Institute (NCI). We also

investigated the grade of observed toxicity and changes in treatment

due to the occurrences of toxicity, possibly decreasing RDI over the

long term.

2 | MATERIALS AND METHODS

2.1 | Evaluation of phase 1 trials

Data from patients enrolled in the CTEP-sponsored phase 1 clinical

oncology trials in which the test article was a single MTA were

assessed between March 2000 and December 2012. The data were

extracted prospectively from the Clinical Trials Monitoring System

database managed by Theradex Systems (Princeton, NJ, USA). We

included only phase 1 trials of a single MTA and excluded combina-

tions of multiple agents (Figure 1). Among the 102 phase 1 trials, 83

were excluded for the following reasons: (i) 54 involved cytotoxic

agents and/or only enrolled patients with hematologic malignancies;

(ii) 18 involved renal/kidney dysfunction patients; and (iii) the objec-

tive of 11 was not dose-finding. Ten trials that did not reach the

MTD were also excluded. For the remaining 9 trials, we collected

data on target tumor type, class of agent, administration route, dose-

finding design used and number of dose levels.

2.2 | Data collection

For each trial, we extracted data for patients who were initially trea-

ted at the conventional RP2D (termed the RP2D group) or OLLD

than the conventional RP2D (termed the OLLD group). Data collected

for each patient included age, sex, race, performance status (PS), trial

start and end dates, grading of any toxicities including the protocol-
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defined DLT occurring in each cycle and date of occurrence, and

treatment provided (eg, none, dose reduced, regimen interrupted,

therapy discontinued, and interrupted and then reduced), tumor

response and RDI in each cycle, and reason for dropout during the

trials. Data on grade 1-5 toxicities for all cycles of every trial were

collected according to the National Cancer Institute Common Termi-

nology Criteria of Adverse Events (version 2.0, 3.0 or 4.0). Response

and progression of each solid tumor were evaluated using the inter-

national criteria proposed by the Response Evaluation Criteria in

Solid Tumors (RECIST) Committee. Evaluation of the response for

non-Hodgkin’s lymphoma followed the International Working Group

Standardized Response Criteria. These evaluations were conducted

every 8-12 weeks in almost all trials. A treatment cycle, defined in

the corresponding protocol of the trial, was used as the time unit irre-

spective of the duration in terms of number of days.

2.3 | Statistical analysis

Prevalence was calculated as the ratio of the number of patients to

the total number of patients. Time to the event of interest was defined

as the time between the start date of treatment and the occurrence of

that event. Survival curves were calculated using the Kaplan-Meier

method. Patients who died during the trials were censored at the time

of death. The RDI in each cycle for the 2 groups was estimated using

the random effect model, because the patient numbers in the trial

gradually decreased with increasing cycles. To evaluate the association

between the RDI over the long term and the time to disease progres-

sion and tumor response, we performed Cox regression analysis, with

the RDI included as a time-varying covariate, and logistic regression

analysis. The 3 models commonly included the following variables:

dose group (RP2D vs OLLD), age (<65 vs ≥65 years), sex (female vs

male), PS (0 vs 1 or 2) and administration route (intravenous vs oral).

Kaplan-Meier curves with information on the RDI were also

graphed.23 All statistical tests were 2-sided. P < .05 was considered

statistically significant. All the analyses were performed using SAS ver-

sion 9.4 (SAS Institute, Cary, NC, USA).

3 | RESULTS

3.1 | Trial and patient characteristics

The characteristics of 9 phase 1 dose-finding trials are shown in

Table 1. Five trials included only patients with any solid tumors (one

trial with only patients with gynecologic cancer), and 4 trials included

solid tumors or lymphoma. Most of the agents evaluated in our

study were small molecule tyrosine kinase inhibitors (TKI) (78%). The

routes of MTA administration were oral for 6 trials (67%) and intra-

venous for 3 (33%). The 3 + 3 design was used in 7 trials (78%). The

median number of dose levels in l the trials was 6 (range 5-10).

The patient characteristics are listed in Table 2. The number of

patients receiving the conventional RP2D (n = 141) was more than

double that receiving OLLD (n = 60). This result is because in

phase 1 trials, a larger number of patients are generally enrolled in

the RP2D cohort for safety confirmation than in the OLLD group.

The median number of patients per trial in the conventional RP2D

and OLLD groups was 14 and 5, respectively. The distributions of

age, sex, race and PS were almost the same for both groups.

3.2 | Prevalence of toxicity and treatment
management change

We evaluated the prevalence of any grade toxicity and treatment

management in the RP2D and OLLD groups through 10 cycles

F IGURE 1 Flowchart of the study. MTA, molecularly targeted
agent; MTD, maximum tolerated dose; RP2D, recommended phase 2
dose

TABLE 1 Trial characteristics of the 9 phase 1 trials involving a
single molecularly targeted agents

Variables n (%)

Trial

Tumor type Solid 5 (56)

Solid or lymphoma 4 (44)

Class of agent Small molecule tyrosine

kinase inhibitors

7 (78)

Antibody 1 (11)

Alkylphospholipid 1 (11)

Administration

route

Oral 6 (67)

Intravenous 3 (33)

Dose-finding

design used

Rule-based design such

as 3 + 3 design

7 (78)

Accelerated titration design 2 (22)

Number of

dose level

Median 6

Range 5-10

5 2 (22)

6 4 (44)

7 1 (11)

10 2 (22)
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(Table 3). Careful interpretation of the comparative result of toxicity

prevalence between the 2 groups through 10 cycles was required

because the number of patients in the trials gradually decreased with

increasing cycles. The reasons for patient drop out of the studies are

summarized in Table S1.

As listed in Table 3 and Table S2, in the RP2D group, grade 3

and 4 toxicities (44.7% and 3.5%) occurred in cycle 1. In the OLLD

groups, grade 3 and 4 toxicities (48.3% and 3.3%) occurred in

cycle 1. All grades of toxicity in the 2 study groups occurred at con-

stant rates in 10 cycles.

The prevalence of dose reductions in the conventional RP2D

group was slightly higher than in the OLLD group until cycle 5. The

prevalence of regimen interruptions was commonly higher than that

of any other treatment management changes in both groups. The

prevalence of regimen interrupted, therapy discontinued, and inter-

rupted and then reduced were similar in both groups.

We also noted the times to initial toxicity of any grade, any

grade to the worst grade, and to grades 3 to 4 (Figure 2) through 20

cycles; these were similar in the conventional RP2D and OLLD

groups. The following general trends were observed in both groups:

during cycle 1, approximately 100% of the patients developed some

grade of toxicity (Figure 2A) and 70% developed their worst-grade

toxicity (Figure 2B); approximately 40% developed grades 3 and 4

toxicities during cycle 1 with their subsequent occurrence at a con-

stant rate (Figure 2C); for time to first treatment management

change, these occurred at a constant rate from cycles 1 to 8 and

were then lower after that (Figure 2D-G).

3.3 | Relative dose intensity in the 10 longitudinal
study cycles

The RDI values of subjects who received treatment through 10 lon-

gitudinal study cycles were estimated using the random effect model

(see Table 3). The RDI of the RP2D group were maintained at the

rate of ≥70% throughout 10 cycles, and were higher than those of

the OLLD group that ranged from 43.0% to 71.1%, although the RDI

decreased in both groups with increasing treatment cycle. The pro-

portions of patients with RDI ≥75% in the RP2D group were also

higher than those in the OLLD group in all cycles. The average RDI

for patients who dropped out of the study in the 2 groups were

<70% in almost all cycles of treatment (Table S1).

3.4 | Association between longitudinal relative dose
intensity and clinical outcome

For each group, patients were categorized into 3 subgroups based

on the RDI at each cycle (eg, low group showing RDI <50%, moder-

ate group showing RDI 50%-75%, and high group showing RDI

≥75%), with Kaplan-Meier curves of the time to first disease pro-

gression (PD) drawn for each. In the both groups, the significant dif-

ference between the low and high RDI subgroups was determined

using the log-rank test (P < .05, Figure 3A,B).

Furthermore, the multivariate Cox regression analysis, with the

RDI included as a time-varying covariate, showed that the time to

first PD between the RP2D and OLLD groups was similar (hazard

ratio [HR], 1.08; 95% confidence interval [CI], 0.74-1.56, P = .705)

(see Table S3 and Figure 4), but suggested that a 10% decrease in

RDI significantly shortened the time to first PD (HR, 1.12; 95% CI,

1.06-1.20, P < .001).

In addition, the rates of complete/partial responses (CR/PR),

stable disease (SD) and PD for the RP2D group were 10.9% (13/

119), 31.9% (38/119) and 57.1% (68/119), respectively, and those

for the OLLD group were 1.9% (1/53), 32.1% (17/53) and 66.0%

(35/53), respectively. No associations between the dose group (or

average RDI) and response rate were found in the multivariate logis-

tic regression analysis (Table S4), but the difference in the response

rate between the 2 groups (ie, 10.9% of RP2D group vs 1.9% of

OLLD group) was shown to be marginally significant by Fisher’s

exact test (P = .067). The RDI of the 14 patients with CR/PR were

maintained a rate of ≥75% throughout (see Table S5). The RDI mean

values in the RP2D group in the first 10 cycles for patients present-

ing CR/PR, SD and PD as the best response were 90% (n = 13),

88% (n = 38) and 81% (n = 68) respectively, and those in the OLLD

group were 80% (n = 1), 88% (n = 17) and 86% (n = 35).

4 | DISCUSSION

The conventional RP2D is based solely on toxicity data from cycle 1

for MTA, despite this erroneous determination being identified as a

significant cause for failure in the development of new agents in

TABLE 2 Patient characteristics in trials receiving the RP2D or
one level lower of the RP2D

Variables

Patients initially
treated at RP2D
(RP2D group)

Patients initially
at one level
lower dose of
RP2D (OLLD
group)

Total number

of patients

141 60

Number of

patients

per trial

Median 14 5

Range 6-41 1-17

Age, years Median 55 59

Range 20-85 22-83

Sex, n (%) Male 57 (40) 26 (43)

Female 84 (60) 34 (57)

Race, n (%) White 118 (84) 57 (95)

Black 14 (10) 2 (3)

Asian 7 (5) 1 (2)

Others 2 (1) 0 (0)

PS, n (%) 0 36 (26) 14 (23)

1 101 (72) 44 (73)

2 3 (2) 2 (3)

OLLD, one level lower dose of RP2D; PS, performance status; RP2D, rec-

ommended phase 2 dose.
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oncology.24,25 The apparent relationship between the clinical benefit

and MTA dose level was not determined in some studies owing to

probably faulty determination of RP2D26,27 A study reported that

phase 1 MTA trials have probably underestimated toxicity in dose

recommendations.28 However, another study suggested that there

are clinical benefits of improved response and overall survival with

increasing doses in phase 1 MTA trials.29 To address this controver-

sial issue and to improve the selection rates for true RP2D, efficient

utilization of RDI over the long term should be considered.

Our results suggested that in both RP2D and OLLD groups,

grade 3 and 4 toxicities occurred through all 10 study cycles at a con-

stant rate. Although the incidences of grade 3 and 4 toxicities were

higher in the OLLD group than in the RP2D group, the toxicities in

both groups were not significantly different for most of the cycles (re-

sults not shown). Therefore, it appears that the potential incidence of

grade 3 and 4 toxicities is similar between the 2 groups. In both RP2D

and OLLD, the treatment changes groups followed a similar pattern

and commonly decreased the longitudinal RDI. However, the

TABLE 3 Prevalence of toxicities, treatment management changes and longitudinal RDI throughout 10 cycles

Group

Cycle

1 2 3 4 5 6 7 8 9 10

Number of patients, n RP2D 141 101 48 41 27 26 21 18 12 9

OLLD 60 42 15 11 8 7 6 5 3 3

Toxicity

Prevalence of grade 1 toxicity, % RP2D 99.3 99.0 100.0 97.6 96.3 100.0 95.2 100.0 91.7 100.0

OLLD 100.0 97.6 93.3 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Prevalence of grade 2 toxicity, % RP2D 80.1 80.2 54.2 65.9 48.1 42.3 47.6 44.4 58.3 66.7

OLLD 75.0 73.8 80.0 90.9 87.5 71.4 83.3 60.0 100.0 100.0

Prevalence of grade 3 toxicity, % RP2D 44.7 34.7 22.9 24.4 14.8 11.5 19.0 22.2 16.7 0.0

OLLD 48.3 45.2 40.0 27.3 50.0 42.9 16.7 40.0 33.3 66.7

Prevalence of grade 4 toxicity, % RP2D 3.5 3.0 0.0 2.4 0.0 0.0 0.0 0.0 0.0 0.0

OLLD 3.3 9.5 13.3 9.1 12.5 14.3 16.7 20.0 33.3 33.3

Prevalence of grade 5 toxicity, % RP2D 2.1 1.0 0.0 0.0 0.0 0.0 0.0 0.0 8.3 0.0

OLLD 1.7 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Prevalence of DLT, % RP2D 6.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.3 0.0

OLLD 5.0 2.4 0.0 0.0 0.0 0.0 16.7 20.0 33.3 33.3

Treatment management changes

Prevalence of dose reduced, % RP2D 9.2 3.0 4.2 2.4 3.7 0.0 0.0 0.0 0.0 0.0

OLLD 1.7 2.4 0.0 0.0 12.5 0.0 16.7 20.0 33.3 33.3

Prevalence of regimen interrupted, % RP2D 17.0 14.9 12.5 7.3 3.7 0.0 4.8 5.6 8.3 0.0

OLLD 15.0 19.0 26.7 27.3 25.0 28.6 16.7 20.0 33.3 33.3

Prevalence of therapy discontinued, % RP2D 5.7 5.0 0.0 4.9 0.0 0.0 9.5 0.0 16.7 0.0

OLLD 10.0 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Prevalence of interrupted and then reduced, % RP2D 5.7 0.0 0.0 2.4 3.7 0.0 0.0 0.0 0.0 0.0

OLLD 5.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

RDI

RDI, % RP2D 86.4 78.0 80.0 75.3 78.7 78.0 72.1 71.8 72.3 77.1

OLLD 71.1 58.0 65.1 63.6 61.4 63.8 43.0 56.3 53.4 54.1

Proportion of patients with RDI ≥75%, % RP2D 76.6 70.3 81.3 75.6 85.2 84.6 76.2 77.8 58.3 88.9

OLLD 45.0 35.7 33.3 45.5 37.5 28.6 0.0 20.0 0.0 0.0

Proportion of patients with 50% ≤RDI <75%, % RP2D 14.2 13.9 10.4 12.2 7.4 11.5 14.3 16.7 41.7 11.1

OLLD 38.3 38.1 53.3 36.4 37.5 57.1 83.3 80.0 100.0 100.0

Proportion of patients with RDI <50%, % RP2D 9.2 15.8 8.3 12.2 7.4 3.8 9.5 5.6 0.0 0.0

OLLD 16.7 26.2 13.3 18.2 25.0 14.3 16.7 0.0 0.0 0.0

DLT, dose limiting toxicity; OLLD, one level lower dose of RP2D; RDI, relative dose intensity; RP2D, recommended phase 2 dose.

Protocol-specified grade 3 or grade 4 hematologic and/or non-hematologic toxicities were defined as DLT in all the 9 trials evaluated, while grade 2 tox-

icity was also included in 2 trials. All the 9 trials prescribed rules for treatment changes within the protocol. In some trials, dose reduction rules for

grades 2-4 were provided separately.
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longitudinal RDI in the RP2D group was maintained at a higher rate

compared to those in the OLLD group for all the cycles. Furthermore,

the RP2D group was similar to the OLLD group with respect to the

time to first PD and response rate. Therefore, the standard RP2D,

determined based on the usual dose-finding method using only toxic-

ity data during cycle 1 of treatment, would not only be the MTD but

also the continuously administered dose. Notably, the definitive com-

parison between the efficacy of the RP2D and OLLD dose levels

needs to be done in a phase 3 (or, at the least, a phase 2) trial.

In contrast, the 10% decrease in RDI over time was significantly

associated with the shortened time to first progression. In addition,

the longitudinal RDI of the dropout patients were lower than those

in the patients continuing treatment by approximately 10%-20% in

the early cycles of treatment. These results indicated that the stan-

dard RP2D may not be optimal as the dose for longitudinal use to

achieve better clinical outcome; therefore, we may need to consider

longitudinal RDI in determining the RP2D in phase 1 trials. In this

context, it may be reasonable to carefully evaluate the OLLD of the

RP2D as an alternative dose for further testing in addition to the

standard RP2D. More conservatively, the benefit–risk balances

between the standard RP2D and its OLLD should be compared for

subsequent phase 2 (or 3) trials.

In practice, however, the minimum RDI to be reached must be

questioned. The consensus among experts in drug development is

that a threshold of >75% of the intended RDI is acceptable;3 how-

ever, this threshold is only a guideline. The results also showed that

no <20% of the patients had an RDI <75% throughout all 10 cycles

in the RP2D group. Practically, the target RDI may be varied

depending on several characteristics, such as agent type, target pop-

ulation and administration route.

In conclusion, our finding of this study was that in both groups

the RDI over time was significantly associated with shorter time to

first disease progression; therefore, the longitudinal RDI, which takes

into account lower grade toxicity occurrences, may be useful in
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F IGURE 2 Time to toxicity and
treatment management changes. The solid
and dotted lines represent RP2D and
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4 toxicity. D, Time to the first dose
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determining a more desirable dose to use in phase 2 and 3 studies.

These findings indicated the need for further investigations to

address whether a “true” RP2D can be predicted through statistical

modeling, so that a patient could tolerate the same dose for a rea-

sonable duration of time and not require significant dose reduction

or pauses. If a “true” RP2D can be modeled, then a randomized clini-

cal trial will be required to compare whether such a non-standard

RP2D and a standard estimated RP2D will result in different clinical

outcomes, including progression-free or overall survival.

We investigated the toxicities of small molecule TKI as MTA, and

did not include sufficient antibody agents or immunotherapies;

therefore, our findings are not generalizable. Second, the number of

patients in the trials gradually decreased with increasing cycles;

hence, the impact of RDI observed should be carefully interpreted.

Finally, our results are based on only 9 phase 1 trials, but the study

involved the careful examination of the protocols and data of the

102 phase 1 trials in order to properly compare the longitudinal toxi-

city and efficacy outcomes between the RP2D and OLLD groups.

Phase 1 patients are not necessarily representative of the larger

patient population receiving MTA. This question of optimal dose,

with respect to efficacy and toxicity, may require testing in phase 2

or phase 3.
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