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The use of the Restricted Mean Survival Time as a treatment measure in HIV/AIDS clinical trial: reanalysis of the ACTG A5257 trial

Conclusion

The RMST based analysis could be a promising alternative measure of efficacy in HIV/AIDS clinical trials although further discussion to define non-inferiority bounds is needed.
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Introduction

In The use of the Cox model implies the well-known proportional hazards (PH) assumption. [START_REF] Hernán | The Hazards of Hazard Ratios[END_REF] However, increasing non-proportional hazards are seen in randomized trials implying the search for other effect measures. [START_REF] Trinquart | Comparison of Treatment Effects Measured by the Hazard Ratio and by the Ratio of Restricted Mean Survival Times in Oncology Randomized Controlled Trials[END_REF] An alternative outcome measure at a specific time has recently been proposed, the restricted mean survival time (RMST). [START_REF] Royston | The use of restricted mean survival time to estimate the treatment effect in randomized clinical trials when the proportional hazards assumption is in doubt[END_REF][START_REF] Royston | Restricted mean survival time: an alternative to the hazard ratio for the design and analysis of randomized trials with a time-to-event outcome[END_REF] The RMST is simply the population average of the amount of event-free survival time experienced during the period of follow-up. The treatment effect can be measured either as difference (Δ-RMST) or a ratio of RMST. The RMST-based analysis is considered as a robust and clinically interpretable summary measure that does not rely on the PH assumption and is estimable even under heavy censoring 2,8-10 . RMST measures have been mainly used in oncology including many cancer types [START_REF] Trinquart | Comparison of Treatment Effects Measured by the Hazard Ratio and by the Ratio of Restricted Mean Survival Times in Oncology Randomized Controlled Trials[END_REF] . To our knowledge, RMST has not been used as primary measure of efficacy in HIV/AIDS clinical trials. In this work, we aim to compare analysis based on RDKM, HR and Δ-RMST as a summary effect estimates in the ACTG 5257 study. We further investigate the performance and operating characteristics of Δ-RMST-based analysis in the context of nonproportional hazards in a limited simulation study. We also discussed the use of such measure in the context of HIV trials.

Materials and methods

ACTG 5257 study and alternative analysis

The AIDS Clinical Trials Group (ACTG) 5257 study compared the virologic efficacy and tolerability over 96 weeks of combination regimens that include tenofovir/emtricitabine (FTC/TDF) plus atazanavir/ritonavir (ATV/r), raltegravir (RAL) or darunavir/ritonavir (DRV/r) for treatment of antiretroviral-naïve participants (ClinicalTrial.gov: NCT00811954) [START_REF] Lennox | Efficacy and Tolerability of 3 Nonnucleoside Reverse Transcriptase Inhibitor-Sparing Antiretroviral Regimens for Treatment-Naive Volunteers Infected With HIV-1: A Randomized, Controlled Equivalence Trial[END_REF] . The primary efficacy endpoint was time from randomization to virologic failure defined as a confirmed HIV-1 RNA level greater than 1000 copies/mL at or after 16 weeks and before 24 weeks from randomization or less than 200 copies/mL at or after 24 weeks [START_REF] Lennox | Efficacy and Tolerability of 3 Nonnucleoside Reverse Transcriptase Inhibitor-Sparing Antiretroviral Regimens for Treatment-Naive Volunteers Infected With HIV-1: A Randomized, Controlled Equivalence Trial[END_REF] . The primary tolerability endpoint was the time from randomization to discontinuation of the randomized regimen component for toxicity [START_REF] Lennox | Efficacy and Tolerability of 3 Nonnucleoside Reverse Transcriptase Inhibitor-Sparing Antiretroviral Regimens for Treatment-Naive Volunteers Infected With HIV-1: A Randomized, Controlled Equivalence Trial[END_REF] . The primary efficacy analysis was based on pairwise comparisons of difference in Kaplan-Meier estimates (RDKM) by week 96 with equivalence accepted if the 97.5% CI was wholly contained within +/-10%. Assuming rates of virologic failure and loss to follow-up of 25% and 12% respectively, a sample size of 600 participants per group was targeted to provide approximately a 90% statistical power to show equivalence in pairwise regimen comparisons. A similar approach was used for the tolerability outcome although the RDKM estimated used the method of Gray [START_REF] Gray | A Class of $K$-Sample Tests for Comparing the Cumulative Incidence of a Competing Risk[END_REF] to estimate cumulative incidence in the presence of the competing risks. Details and results can be found in Lennox and colleagues [START_REF] Lennox | Efficacy and Tolerability of 3 Nonnucleoside Reverse Transcriptase Inhibitor-Sparing Antiretroviral Regimens for Treatment-Naive Volunteers Infected With HIV-1: A Randomized, Controlled Equivalence Trial[END_REF] .

Equivalence bounds for an alternative analysis based on HR from a Cox proportional hazards model are easily computed. Assuming an exponential distribution for the time to event as defined in the protocol, a probability of virologic failure of 25% (reference arm) by week 96 corresponds to a hazard of 0.0030 (-log(1-0.25)/96) and of 35% to a hazard of 0.0045. For the virologic failure, the upper equivalence-bound for an HR-based analysis corresponding to the +10% limits for inference on RDKM is then 1.497 (0.0045/0.003). Similarly, the lower bound on the basis of 15% failure rate is 0.56 (0.0017/0.003). The bound for the tolerability endpoint assuming a 10% failure rate in the reference arm by week 96 is +/-7%. In a similar way, the bounds for the HR-based analysis are 0.29 and 1.77. In the A5257 protocol, there is no assumption concerning the level of failure rate for the combined endpoint, virologic or tolerability failure. To illustrate our purpose, we consider a failure rate of 30% for the combined endpoint in the reference arm by week 96 and a +/-10% bound for the RDKM-based analysis. The corresponding bounds for an HR-based analysis are 0.63 and 1.43.

The bounds for an analysis based on Δ-RMST between two randomized arms being compared are also easily computed. Again, an exponential distribution is assumed for all endpoints.

With a 25% virologic failure rate by week 96 in the reference arm, the RMST is 83.43 weeks (see Appendix), 78.0 weeks and 88.6 weeks with a 35% and 15% failure rate by week 96, respectively. Then bounds for an analysis based on Δ-RMST are -5.47 and +5.18 weeks. In a similar way, bounds are [-3.36; +3.44] weeks for the tolerability endpoint and [-5.50; +5.30] weeks for the combined endpoint.

The analysis based on Δ-RMST has been suggested as an alternative to the use of the HR when the proportional hazards assumption is not valid. Several lack-of-fit tests have been introduced to investigate the PH assumption. In this work, we used a test based on the Schoenfeld residuals to investigate such an assumption [START_REF] Grambsch | Proportional hazards tests and diagnostics based on weighted residuals[END_REF] of ACTG 5257 data. We also investigated whether the hazard function is constant over time, i.e. .the exponential model was a plausible model to compute the HR bounds. We used the Lagrange multiplier Chi-square for scale test to investigate such a hypothesis.

Simulation study

To investigate the performance of Δ-RMST-based analyses, in particular with nonproportional hazards, we conducted a series of simulation study. We investigate the situation where the exponential distribution, hypothesized in the design, is used to compute the bounds for a Δ-RMST-based analysis whereas the time-to-event data are generated using a Weibull distribution. Fitting Weibull parametric models for each randomized group of ACTG 5257 data we found estimates of the shape parameter (k) between 0.7 and 1.1 (Appendix Table 1).

These shape parameters were then used to simulate proportional and non-proportional hazards for hypothetical pairwise comparisons. We generated a time-to-event outcome for each participant with a sample size of 600 per arm using an exponential or a Weibull distribution with a 25% failure rate for the reference group with a 35% failure rate for the other group.

Within each dataset we then estimated the Δ-RMST by week 96 from Kaplan-Meier survival curves between the pairwise regimen groups. Proportion of simulated trials that conclude equivalence non-inferiority was then computed using Δ-RMST bounds computed above for an exponential distribution (-5.47; 5.18). The objective of our simulation study was then to investigate the performance of a Δ-RMST analysis when the distribution of the time-to-event data does not follow the exponential distribution hypothesized in the study design. All analyses and simulations were done using SAS 9.4.

Results

Table 1 summarizes estimates of RDKM as presented in the final publication [START_REF] Lennox | Efficacy and Tolerability of 3 Nonnucleoside Reverse Transcriptase Inhibitor-Sparing Antiretroviral Regimens for Treatment-Naive Volunteers Infected With HIV-1: A Randomized, Controlled Equivalence Trial[END_REF] For the tolerability and combined endpoints, only the DRV/r versus RAL comparison that leads to equivalence for the Δ-RMST analysis; this is consistent with the original RDKM analyses. Again, in contrast, the HR-based analysis does not lead to an equivalence conclusion in this case.

For the comparison ATV/r versus RAL, the differences in the estimates for the tolerability endpoint and for the combined endpoint illustrate an interesting feature of these measures.

The RDKM and Δ-RMST estimates for both endpoints are approximately of same magnitude, RDKM=12.7% (Δ-RMST=7.9 weeks) for the tolerability endpoint and 14.9% (9.5 weeks) for the combined endpoint. In contrast, HR estimates, are quite different. The HR is 12.7 for the tolerability endpoint compared to only 2.4 for the combined endpoint. Such a difference is explained by the distribution of the events in each arm and the very low hazard of events in the RAL group.

A visual inspection of the cumulative incidence curves suggests for certain comparisons a potential violation of the PH assumption (Figure 1). For example, for the combined endpoint the PH assumption is violated for the comparison between ATV/r and RAL (p=0.003;

Appendix Table 3). Results of that test indicate that the PH assumption is violated for many comparisons or is suspected to be violated. Indeed, it is known that statistical power of testing the PH assumption is low with a low number of events. [START_REF] Austin | Statistical power to detect violation of the proportional hazards assumption when using the Cox regression model[END_REF] It follows that in many comparisons the interpretation of the HR estimate is difficult and that such an analysis is not appropriate.

Of note, for the virologic failure endpoint, the PH assumption is violated for the ATV/r vs RAL comparison (p=0.04) or closed to be violated for the DRV/r vs RAL comparison (p=0.06). These two comparisons correspond to discordance between the HR-based analysis and the RDKM analysis. Inversely, the PH assumption is not violated for the ATV/r vs DRV/r comparison (p=0.88) that corresponds to a concordance of the three analyses.

Investigation of the constant hazard rate assumption shows that the exponential distribution for the time-to-event data is not valid for the tolerability and combined endpoints in the ATV/r group and for the combined endpoint in the DRV/r (Appendix Table 4). Results of our simulation study are displayed in Table 2. The hazard rates are proportional when the shape parameter (k) is the same in both randomized groups otherwise they are nonproportional. When the distribution of the time-to-event data is the distribution hypothesized in the study design the probability of concluding non-inferiority is 3.8% for the pairwise comparison. When the PH assumption is valid (k= 0.7, 0.9 and 1.1 in both groups) the probability of concluding non-inferiority decreases with monotonic decreasing hazard function (k=0.7 and k=0.9) and increases with monotonic increasing hazard function (k=1.1).

When the PH assumption is not valid, with a shape parameter that is greater in the group with the highest failure rate, the probability of concluding non-inferiority is markedly increased (Table 2). Inversely, the probability of concluding non-inferiority is close to 0 when the shape parameter is lower in the group with the highest failure rate.

Discussion

The aim of our study was to compare analyses based on RDKM, HR and Δ-RMST as a summary effect estimates in ACTG 5257 study, and most specifically to investigate the performance and operating characteristics of Δ-RMST-based analysis in the context of HIV trials. As expected, analyses of Δ-RMST globally led to similar conclusions as the published findings of A5257 based on RDKM. In contrast, analyses based on HR provided some discordant equivalence conclusions compared both with the initial analysis based on RDKM and the Δ-RMST. In particular, considering the virologic failure outcome, analyses based on RDKM at week 96 led to demonstrating equivalence for all pairwise comparisons whereas, except for the comparison ATV/r versus DRV/r, results based on HR did not conclude to such equivalence. It is worth to note that globally, even in the setting of very minimal and clinically insignificant group differences estimated with RDKM and Δ-RMST, inference based on HR still does not reach the equivalence conclusion.

In the ACTG 5257 protocol a probability of virologic failure of 25% by week 96 was assumed in study design whereas results of study showed virologic failure rates of 9% to 15%. It has been indicated in our recent study that when a HR-based analysis has been designed in the protocol an overestimation of failure rates when defining equivalence bounds can lead to increase the probability of not concluding equivalence even when there is no clinically relevant difference between the two regimens [START_REF] Abulizi | Choice of treatment effect measures when non-inferiority margins originally defined in absolute difference translated into relative difference influenced the results of clinical trials[END_REF] . This issue was a motivating factor in the choice of the RDKM estimand for A5257 and our results of alternative analyses of ACTG 5257 data confirmed this finding.

Apart from discordant conclusions, large differences in estimates between the analyses can be found according to the endpoint. In particular, in the comparison of ATV/r versus RAL, for the tolerability endpoint the week 96 RDKM and Δ-RMST estimates give a 12.7% higher failure probability and 7.9 weeks lower expected time without tolerability failure with ATV/r with a high corresponding HR estimate of 12.7. While for the combined endpoint of virologic or tolerability failure, the 96-week RDKM and Δ-RMST estimates are relatively unchanged (14.9% and -9.5 weeks, respectively), yet with this endpoint there is a much lower HR estimate of 2.4,. Such a discrepancy is explained by non-constant hazard function, nonproportional hazards ratio and the very low failure rate in the RAL group. In this case when treatment effects are measured with HR rather than RDKM or Δ-RMST, a larger variability in the estimates could be observed. Thus the HR-based analyses showed much more variability than the RDKM and Δ-RMST in the analysis of ACTG 5257 data.

The RMST analysis has been introduced as a promising alternative in the case of nonproportional hazards ratio. Our small simulation study, however, shows that discordance between some assumptions in the study design and the observed data may have a great impact on the results based on Δ-RMST analysis. In particular, in certain situations violation of the PH assumption markedly increase the probability of concluding non-inferiority. Then, as for a HR-based analysis, departures from the hypotheses made in the study design have an important impact on the study conclusions. This makes sense intuitively and reflects that early advantages of one regimen are being offset by later advantages of the second regimen.

The results of some recent studies suggest estimating the treatment effects by RMST-based measure in randomized trials with time-to-event outcomes 2,8-10 . To our knowledge, this measure has not been used as primary measure of efficacy in HIV/AIDS clinical trials. 

Conclusion

According to the results of alternative analyses of ACTG 5257 study, we showed that analyses based on Δ-RMST globally led to similar conclusions as the published findings of A5257 based on RDKM. In contrast, analyses based on HR provided some discordant equivalence conclusions compared both with initial analysis based on RDKM and the Δ-RMST.

Such discordance is partially explained by violation of the PH assumption but also by an under-or over-estimation of the hypothesized failure rates in the study design [START_REF] Abulizi | Choice of treatment effect measures when non-inferiority margins originally defined in absolute difference translated into relative difference influenced the results of clinical trials[END_REF] . Though there are some advantages to use the RMST further discussion is needed with clinicians involved in the HIV/AIDS field to determine which estimand best informs the clinical question and, as applicable, to suggest equivalence non-inferiority bounds.
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  HIV treatment clinical trials, the primary efficacy estimand is often either the proportion of HIV-1 RNA below 50 copies/ml at week 48 or a time-to-event outcome measuring treatment/virologic failure. For the latter endpoint, Kaplan-Meier survival curves and Cox proportional hazards model are the statistical methods employed to analyze such data. With the Kaplan-Meier method the efficacy could be measured by comparing survival curves at a prespecified time point. Such a risk difference in cumulative probabilities at a given time, estimated by Kaplan-Meier curves (RDKM), corresponds to the difference in proportions in a clinical trial using a time-independent outcome. Using a Cox proportional hazards model, efficacy is quantified by the hazard ratio (HR) estimate 1 . Both measures have been widely employed and discussed for superiority and non-inferiority trials 2 . It is well known from epidemiological data that measures of treatment effect may lead to different conclusions and interpretations 3 . A recent example demonstrated that in a large clinical trial, the use of RDKM and HR also leads to different conclusion 4,5 . In particular, an under-or over-estimation of the hypothesized failure rates in the study design has an important impact on the probability of demonstrating non-inferiority 4 .

In the purpose of display straightforward benefit of regimens outcomes, we performed a re- analysis of four recent trials 1 , 15 -

 115 17 for the comparison of initial treatment of HIV-1 infection with the measure of Δ-RMST. We have reconstructed individual patient data (IPD) by applying an algorithm developed by Guyot et al 18 for each trial. Once the data of trials is reconstructed, we reanalyzed each trial and compared the treatment effect estimated by the Δ-RMST that by the original analysis. The results are summarized in the Table 4. For most comparisons, we remark that the gain in Δ-RMST is low. For example, in the recent NEAT study comparing DRV/r + RAL with TDF/FTC + RAL in antiretroviral-naive adults, the Δ-RMST is 2.4 weeks in favor of the latter group for 96 weeks of follow-up. Based on this illustration, one could find that compared with HR, it is straightforward to interpret Δ-RMST from a clinical perspective by quantifying the absolute survival difference that the clinicians and patients could comprehend. Meanwhile, before being used in HIV trials, clinicians should think about the scientific question what bounds are clinically acceptable to declare a treatment equivalent or noninferior to the reference arm in a Δ-RMST based analysis. We have seen that the determination of such a bound is not easy as being dependent of the time-to-event distribution.

Figure 1 .

 1 Figure 1. Cumulative incidence of the different endpoints based on ACTG 5257 data.

Table 2 .

 2 , as well as alternative analyses based on HR with full follow up and Δ-RMST estimated based on Kaplan-Meier curves at week 96. We remark that, based on RDKM analyses, equivalence is demonstrated in four comparisons for both virologic and tolerability endpoints. For three out of the four comparisons, equivalence is also demonstrated based on Δ-RMST analyses. In contrast, equivalence is demonstrated in analyses based on HR only in one comparison among the four comparisons. Estimated RMST for each endpoint and randomized groups can be found in the Appendix For example, the RMST for virologic failure endpoint in the ATV/r arm is approximately 89.2 weeks. The interpretation of the RMST is the following:

if we treat future patients with ATV/r with characteristics consistent with the A5257 study population, the average time spent without virologic failure over 96 weeks would be approximately 89.2 weeks. Considering the virologic failure and the comparison between ATV/r and RAL, the interpretation of the analysis based on Δ-RMST is that the average difference in time spent without virologic failure would be approximately 2.3 weeks in favor of the RAL treatment. That represents only 2.4% of the 96 weeks of follow-up. Across all comparisons, the maximum gain for the virologic failure endpoint is 3.7 weeks for the comparison of DRV/r versus RAL in favor of the RAL, representing only 3.8% of the 96 weeks of follow-up.

Table 2 . Probability of concluding non-inferiority when time-to-event outcome follow an exponential distribution (shape parameter =1) or a Weibull distribution (shape parameter ≠ 1) comparing two groups with 35% and 25% failure rates.

 2 

				35% failure rate	
				shape parameter (k)	
		shape parameter (k)	0.7	0.9	1.0	1.1
	25% failure rate	0.7 0.9 1.0 1.1	1.1 0.1 0 0	15.4 2.4 1.2 0.5	35.1 9.8 3.8 1.3	55.8 23.4 10.7 5.4

Table 3 . Summary of the original analyses and alternative analyses by Δ-RMST from reconstructed data of the trials for the comparison of initial treatment of HIV-1 infection

 3 [START_REF] Daar | Atazanavir plus ritonavir or efavirenz as part of a 3-drug regimen for initial treatment of HIV-1A randomized trial[END_REF][START_REF] Raffi | Ritonavir-boosted darunavir combined with raltegravir or tenofovir-emtricitabine in antiretroviral-naive adults infected with HIV-1: 96 week results from the NEAT001/ANRS143 randomised non-inferiority trial[END_REF][START_REF] Gulick | Three-vs four-drug antiretroviral regimens for the initial treatment of HIV-1 infection: a randomized controlled trial[END_REF][START_REF] Gulick | Triple-nucleoside regimens versus efavirenzcontaining regimens for the initial treatment of HIV-1 infection[END_REF] .Abbreviations: ABC/3TC, abacavir/lamivudine; TDF/FTC, tenofovir/emtricitabine; EFV, efavirenz; ATV/r, atazanavir+rotonavir; HR, hazard ratio; CI, confidence interval; Δ-RMST, difference in restricted mean survival time, estimated by week.

	Author, year	Study team	Objective	Original analysis	Δ-RMST estimates
	Raffi F et al. 2014	NEAT001 To assess the 96 week	Difference in Kaplan-Meier estimate by week 96	During 96 weeks of follow-up,
		ANRS143 efficacy and safety of an	4.0% (95% CI, -0.8 to 8.8)	-2.42 weeks (95% CI, -5.19 to 0.34 )
		NtRTI-sparing regimen vs	Noninferiority threshold=9%	p=0.09
		standard regimen		
	Daar ES et al.2011	ACTG 5202 To compare the efficacy,	By week 96,	During 96 weeks of follow-up,
		safety and tolerability of	for comparison in ABC/3TC group:	for comparison in ABC/3TC group:
		atazanavir plus ritonavir	HR 1.13 (95% CI: 0.82 to 1.56)	-0,53 weeks (95% CI, -3.61 to 2.55 )
		vs. efavirenz for each of	for comparison in TDF/FTC group:	for comparison in TDF/FTC group:
		the two combinations	HR 1.01 (95% CI: 0.70 to 1.46)	-1.03 weeks (95% CI, -3.58 to 1.51 )
		ABC/3TC and TDF/FTC	Noninferiority threshold for HR: 95% upper CI≤1.40	Noninferiority threshold for Δ-RMST:
					95% upper CI≤5.48
	Gulik RM et al.2006 ACTG 5095 To compare the safety	By week 156, HR 0.95 (97.5% CI: 0.69 to 1.33)	During 156 weeks of follow-up,
		/efficacy of 3-drug vs	p=0.73	1.64 weeks (97.5% CI, -7.05 to 10.33)
		4-drug regimen for the		p=0.67
		initial treatment of HIV-1		
		infection			
	Gulik RM et al.2004 ACTG 5095 To compare the efficacy	By week 32, 82 (21%) of 382 subjects in the triple-	During 32 weeks of follow-up,
		of Triple-Nucleoside	nucleoside group, 85(11%) of those in the combined	1.12 weeks (95% CI, 0.54 to 1.71)
		regimen vs Efanvirenz-	efavirenz group had virologic failure	p<0.001
		containing regimen for	p<0.001	
		the initial treatment of		
		HIV-1 infection		
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Appendix

The bounds correspond to the mean difference in Restricted Mean Survival Time (RMST) between the two regimens being compared at weeks 96 could be estimated with the integral under the Kaplan-Meier curve up to week 96. Assuming an exponential distribution for the time to event, a probability of virologic failure of 25% (hazard 0.0030) and 35% (hazard 0.0045) at week 96 lead to a RMST estimate of 83.43 weeks ((-1/0.0030)*(exp(-0.0030*96)-1)) and 78.00 weeks ((-1/0.0045)*(exp(-0.0045*96)-1)), and a probability of 15% (hazard 0.0017) at week 96 lead to a RMST estimate of 88.6 weeks ((-1/0.0017)*(exp(-0.0017*96)-1)). Thus the equivalence-bounds for a Δ-RMST analysis corresponding to the +/-10% limits for RDKM are then -5.43 to 5.18 weeks. In a similar way, bounds are [-3.36