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Introduction and aims

The most commonly used approaches for the analysis of time-to-event (TTE) outcomes
impose an assumption of proportional hazards (PH), such that the hazard ratio (HR) is
assumed to be constant over time. Meta-analysis of TTE data is most commonly based on
extracting or estimating the HR from individual trials, and so again assumes PH. Methods are
available for assessing the validity of the PH assumption, however, the assumption is not
always checked or reported for validity. This is a problem for meta-analysis, where different
assumptions may have been made in the analysis of each included study. The aim of this
thesis is to investigate how often the PH assumption is assessed within Randomised
Controlled Trials (RCTs) and meta-analysis, including understanding the impact of non-PH on
meta-analyses. This is of particular importance as current research has focused on alternative
methodology, without knowing what impact non-PH may have on results.

Methods

The thesis summarises the results from a novel systematic review (SR) of the reporting of
meta-analysis of TTE outcomes that have assumed PH, and how often the results of the PH
assumption were reported. Two further SRs of PH assumption reporting within RCTs and
Single Technology Assessments were also performed. A survey was also conducted targeted
at the UKCRC network of registered clinical trials units, to understand what is done routinely
rather than what is reported within RCTs. A simulation study was undertaken to assess the
suitability of different modelling approaches for meta-analysis of TTE data in situations where
PH is valid and invalid.

Results

All of the reviews on reporting of the PH assumption within SRs and RCTs, highlighted the
poor reporting of the PH assumption. Only 33 out of 123 (27%) SRs and only 12 out of 106
(11%) RCTs reported the PH assumption. For the simulation study, meta-analytic datasets
were simulated for twelve scenarios. Across scenarios, parameters controlling the Weibull
distribution, the censoring level (25% and 75%), the time-dependent log HR (None, 0.1 and
0.5) and whether the treatment effect across studies is homogeneous or heterogenous were
varied. The simulated datasets were analysed using Cox, Weibull, Accelerated Failure Time,
and Flexible Parametric models. In situations where PH is valid, all models performed well
as expected. However, as soon as the time-dependent log HR of 0.1 was introduced, the Cox
and Weibull model could not cope. The best performing model in all cases was the Flexible
Parametric Model.

Conclusions

The work of this thesis has provided a detailed insight into the poor reporting of the methods
used to assess the PH assumption as well as the lack of reporting of the results of assumption
checking. The work of this thesis highlighted the lack of reporting guidelines as there is no
mention of the PH assumption in the CONSORT or PRISMA guidelines, Cochrane handbook
or the ICH E9 guidelines. Recommendations that can be used by trialists, reviewers and
‘consumers’ of reviews on how to approach the PH assumption have been provided in the
thesis.
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1 Introduction

Randomised Controlled Trials (RCTs) are regarded as the gold standard of study designs to
evaluate the effectiveness of a treatment in medical research in humans!. RCTs are
prearranged experiments, that involve participants being randomly assigned to
interventions. If RCTs are designed and conducted appropriately, then randomisation lowers
the chance of any bias, by giving investigators the chance to control for factors, both known

and unknown, that could otherwise influence the results?.

Data from a RCT can be either qualitative or quantitative and equally within each of these
categories there are different types of data e.g. examples of quantitative data include binary,

continuous and time to event.

The main focus of this thesis is on time to event (TTE) data so the next section begins with an
introduction to TTE in Section 1.1, followed by an overview of methods for analysing TTE
including Cox proportional hazards (PH) model and underlying assumption of PH in Section
1.2. Section 1.3 introduces techniques of evidence synthesis including systematic reviews and
meta-analysis. Section 1.4 explains what happens when the PH assumption is invalid as well
as detailing previous work carried out on the importance of PH assumption checking. Finally,

the objectives of the PhD and structure are explained in Section 1.5.

1.1 Time to event

Time to event data occur when interest is focussed on the time until a particular event occurs.
Such data is often described as survival data as the event of interest is death, but other events

are possible e.g. time until tumour recurrence.? The focus of this PhD is on the application



of TTE analysis to data relating to any events occurring regardless of type of event; therefore,

the discussion will be phrased in terms of TTE outcomes rather than only survival outcomes.

If the event of interest has not been observed for an individual, then the TTE is censored.
Possible reasons for a TTE outcome being censored include data from a study being analysed
at a particular time point, where the individuals have not experienced the event of interest.
Alternatively, the individual could be lost to follow up, i.e. the event of interest status at the
time of analysis might not be known and there may be no way to find out either, i.e. hospital
or GP records etc. In this situation, the only information available on the TTE outcome is the

last date on which the individual was known to be event free.

The survival and hazard functions are used in the statistical analysis of TTE data. The hazard
function h(t) is defined as the risk or hazard of an event occurring at time t, given that an
individual has been event free until time t. H(t) is the cumulative hazard function, defined
as the sum of instantaneous hazards up to time t. The survival function S(t) is the probability

of being event-free up to time t. The functions can be directly linked as follows?:

S(t) =Pr(T >t) = exp{—H(t)} = exp {— fth(u)du},
0

where T is the event time. The survival function is commonly expressed in plot form known
as a Kaplan-Meier (K-M) plot. The K-M survival plot, which plots the K-M survival probability
against time can provide a useful summary of the data that can be used to estimate measures
such as median survival time. The large skew as seen in the distribution of most survival data

is the reason why mean survival is not reported.*

A non-parametric approach that is the most popular method for comparing the survival of
two or more intervention arms, which takes the full follow-up period into account is known
as the log-rank test. The log-rank test is used to test the null hypothesis that there is no

difference between the intervention groups in the probability of an event (such as death or



relapse) occurring at any time point. Further details on the log-rank test are provided in

Chapter 2.

The nature of the hazard function makes it more flexible for modelling than the survival
function®. The hazard function can be estimated using a few different statistical modelling
methods. All of the statistical modelling methods available follow different distributional
assumptions including non-parametric procedures, semi-parametric models and parametric
models. A detailed guide to modelling of TTE data in parametric, semi-parametric and non-
parametric settings are provided in Chapter 2. In this chapter, the focus will be on the semi-
parametric model, the Cox PH model and in particular on the PH assumption. Further details

on the Cox PH model are given in Section 1.2.

1.2 Cox Proportional hazards model and assumption checking

1.2.1 Cox Proportional Hazards model

The Cox PH model®, is the most commonly used method for the analysis of TTE outcomes in
RCTs. The Cox PH model is a semi-parametric model as it does not require making any
assumptions about the shape of the baseline hazard function. The Cox PH model describes
the relationship between the hazard function and a set of of p covariates (x, X3, ..., Xp), as
follows for i individuals, with common baseline hazard hy(t), and S4,..., Bp individual

coefficients?,

hi(6) = ho(Dexp{Bixy; + Baxai + -+ BpXpi), (1



In the model as seen in equation (1), hy(t) is the baseline hazard that is likely to vary over
time t, which equals the hazard function if all of the covariate terms included in the model
take the value zero (i.e. exp(0) is equal to 1). The term exp(f3,) is referred to as a hazard ratio
(HR). The Cox model is in essence a multiple linear regression of the logarithm of the hazard
on the set of covariates x; with the log hazard function being an ‘intercept’ term, which varies

over time.

1.2.2 Cox PH Assumption

Although the Cox PH model makes no assumptions about the underlying statistical
distribution of the event time, it does assume that the hazard rates for the groups are
proportional over time and so the survival curves do not cross. However, if the survival curves
cross and thus the PH assumption is not valid then the HR is not constant and is said to vary
over time in which case the Cox PH model is not an appropriate method to use in such cases.
Examples where the PH assumption is valid and an example where the curves cross and PH

does not hold can be seen in Figure 1° and Figure 27 respectively.



Figure 1: K-M plot of adjuvant chemotherapy vs Control arm
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It is imperative that the assumption of PH is verified to ensure it holds. The PH assumption is
violated if the coefficients of one or more of the covariates in the model vary with time or
there are covariates that are time-dependent. Methods for assessing whether covariates are

time-dependent will be further discussed in Chapter 2.

1.3 Evidence Synthesis

Evidence synthesis is a broad term used to define methods for combining sources of
quantitative and/or qualitative evidence. The preparation of the research question of
interest in a clinical setting for any evidence synthesis requires careful attention; a research
question must be specific enough for results to be clinically useful but not too specific so that
inadequate amounts of evidence are available®. A commonly applied analogy to this decision
is the choice of whether to ‘lump’ or to ‘split’’’; in other words, whether to take a general

approach to a wide variety of settings and participant groups or whether to constrict a

research question into a homogenous evidence base®!,

In a clinical setting, where interventions and treatment effects are of importance, clinical
assumptions underlying a synthesis must be considered as closely as statistical
assumptions®?. It is doubtful that a treatment effect would be replicated identically in two
clinical studies given variations in participant populations and settings. However, if an
intervention does provide true benefit over another then, the direction of effect can be
expected to be the same in a range of heterogeneous situations®3. This true direction of
treatment effect is more likely to be noticeable in a synthesis when a number of studies are

considered together.

The evidence synthesis methods of relevance to this thesis are systematic reviews, meta-

analysis and network meta-analysis, which are introduced in the following sections.



1.3.1 Systematic reviews and meta-analysis

Systematic reviews are generally used as an approach to summarising the results of all
independent sources of evidence, which focus on the same or similar questions in a
systematic manner!* 1>, Systematic reviews of RCTs are widely known to provide the highest
quality of results in evidence based medicine!®. Nevertheless, the quality of the systematic

review or any synthesis is dependent on the quality and completeness of the evidence®.

Meta-analysis is a statistical approach used to combine the results of each study included in
the systematic review, in order to obtain a single pooled result, which gives an overall relative
treatment effect of one treatment compared to another?’. Using this technique has many
advantages namely, increases sample size and may increase power and precision, all whilst
reducing the likelihood of a chance result. In this way, conducting a meta-analysis provides
more information about the treatment effects which single studies do not have the power to

detect!> 8,

Meta-analysis can be conducted using a fixed-effects or random-effects approach. The fixed
effects model assumes that all the studies share a common effect, denoted 6. Hence, the
differences in the observed effect sizes are all due to sampling error. The fixed effects model

can be written:
Y= 6+ ¢&, &~N0O 0%

where Y; are the observed effect sizes, 8 is the common effect and ¢; are the random errors
for studies i=1,...,k where k is the total number of studies. The random errors &; are assumed
to be normally distributed with mean zero and variance O'l-z > 0, where the random errors

are independent of each other®.



The random-effects model assumes that a common effect across all studies is unlikely to be
true as the differences between the observed effect sizes could be large and this may not be
fully explained by the sampling errors. Causes of such heterogeneity in meta-analysis include
differences in study design and methodology, participant characteristics and clinical
settings?® 21, In particular, for TTE data sources of heterogeneity include time-dependent
treatment effects and differences in length of follow-up time across trials?2. Further details
on heterogeneity are given in Chapter 2, Section 2.2.4. The random effects model can be

written:

Yi=pu+ 6+ ¢, 8;~N(0,72) g ~N(0,0;%)

where Y; are the observed effect sizes, u is the mean effect, §; are deviations of the study-
specific effect sizes from the mean effect and ¢; are the random errors. The deviations §; are
assumed to be independent and identically distributed from a normal distribution with mean
zero and variance 72 which is referred to as the between-study variance. The random errors,

g; are the same as for the fixed effects model*.

1.3.1.1 Aggregate data and Individual patient data

The most common method for conducting quantitative synthesis is using aggregate data; an
approach where summary statistics such as mean differences, event counts, odds ratios,
hazard ratios etc, are extracted from published literature and in some cases may be
supplemented by unpublished information from the original trialists. The fixed effects
approaches: inverse-variance weighting®®, Mantel-Haenszel®® or Peto'®, or random effect
approaches: Dersimonian and Laird?! method could then be used to pool estimates from

multiple studies. Further details on all of these methods are given in Chapter 2, Section 2.2.1.
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An alternative approach which is regarded as the gold standard approach to the synthesis of
study results uses individual patient data (IPD) retrieved from the original trialist which is

then reanalysed.

The availability of IPD provides many advantages including the opportunity to examine the
data thoroughly, the chance to produce reliable analyses across studies, avoiding issues of
within-study selective reporting and the chance to conduct further analyses such as
treatment-covariate interactions®*?°. Further details on methods available for performing an

aggregate data or IPD meta-analysis are given in Chapter 2.

1.3.2 Network meta-analysis

Within traditional meta-analysis, usually two interventions (or classes of interventions) are
compared head-to-head. However, within clinical settings where a large range of
interventions are available, some interventions may never have been compared directly
within a clinical trial. In these cases, traditional pair-wise meta-analysis cannot be used as it
does not provide a suitable estimate of the relative effectiveness of all interventions of

interest in order to support medical decision making?®.

Network meta-analysis, also known as mixed treatment comparison or multiple treatment
meta-analysis, provides a framework for the synthesis of direct evidence and indirect
evidence. A simple example is shown in Figure 3 where direct evidence for interventions A
and B is unavailable but using indirect evidence for interventions A and B available from the
direct comparison with a common intervention C, an indirect estimate for interventions A

and B can be calculated.



Figure 3. Direct and Indirect evidence from the network of interventions A, B and C

The National Institute for Health and Care Excellence (NICE) is an independent organization
responsible for providing national guidance to the NHS in England on a range of clinical and
public health issues, including the appraisal of new health technologies. Network meta-
analysis (NMA) is often conducted within Single Technology Appraisals (STAs) which is a
process specifically designed by NICE for the appraisal of a single health technology for a
single indication, where most of the relevant evidence lies with one manufacturer or sponsor
and typically covers new technologies shortly after UK market authorization is granted?’.
Further details on NMA of TTE data and in particular STAs including TTE data and why the PH

assumption is an issue is given in Chapter 6.
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1.4 Proportional hazards assumption and previous work

1.4.1 Proportional hazards assumption

There are many methods available for assessing the PH assumption as will be explained in
Chapter 2, however many of these methods are developed for use within RCTs where the
IPD would be available. Meta-analysis of TTE data is commonly based on extracting or
estimating the HR from individual trials, and so again assumes PH. Although there are
methods for meta-analysis that do not impose this assumption?, these methods are complex
to apply without statistical expertise. IPD are needed to fully explore the assumption
although this can also be done by reconstructing data from published survival curves
provided curves are of adequate quality and other supplementary data have been
published?. Further details on digitising K-M curves are given in Chapter 2. Due to complexity
of methods and insufficient published data, meta-analysis and resulting clinical decisions,

may be based on inappropriate methods. However, the impact of this is unclear.

Due to the level of uncertainty around the assessment of the PH assumption, a review of the
reporting of the PH assumption within systematic reviews followed by a review of the
reporting of the PH assumption within RCTs are required. These reviews will allow us to
understand how often the PH assumption is being assessed and whether it is a cause for
concern or not. Itis also unclear what impact using inappropriate methods can have on meta-
analysis and clinical decisions, hence why a simulation study is required to assess the impact
of the violation of the PH assumption and investigate whether there is enough impact to alter
overall conclusions. The next section summarises previous work on reporting of TTE

outcomes and in particular on assessing the PH assumption.
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1.4.2 Summary of previous work on TTE outcomes

The first known review to investigate the reporting of TTE outcomes within individual studies
was carried out by Altman et al*° in the 1990s. The review includes 132 publications with TTE
outcomes published in five oncology journals. The aim was to review the reporting of study
design, data handling, design and presentation in clinical oncology journals. Altman et al*°
report that 9 out of 132 (7%) individual studies did not state how many patients were
included in the analysis, almost half of the publications (45%) did not provide a summary of
length of follow-up and in 62% of publications at least one endpoint was not clearly defined.
The majority of the results were reported as p-values and it was rare for survival probabilities
or HRs to be presented. The log-rank test was the preferred method of univariate analysis
with 75% of publications reporting it. Multivariate analyses such as the Cox PH model were
conducted in 47 publications, with only 25 out of 47 (53%) publications reporting a TTE
estimate of effect size such as HR or odds ratio (OR) and even less (34%) reporting a measure
of precision such as a standard error or Confidence Interval (Cl). The PH assumption was only
investigated in two publications, with one assessing via a log cumulative hazard plot and the

other by comparing the Cox regression estimates to those from a fully parametric model.

Survival curves were presented in 95% of the individual studies. The quality of the survival
plots was considered poor in 43 out of 117 (37%) published curves, for reasons including
censored observations not marked, poor or unhelpful numerical axis, inadequate or no
legend given, survival curves of two or more groups not clearly distinguished and
inconsistency between curves. Altman et aP’ conclude that in only 28 out of 132 (21%)
individual studies, was the presentations of analyses and graphs considered adequate. The

authors provided a set of guidelines in the appendix for the presentation of survival analyses.
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P? published in 2013 compared TTE outcomes for

Another systematic review by Abraira et a
single studies published in 1991 to those published in 2007 in 13 high-impact medical journals
and showed a large rise in the number of published analyses from 104 (17%) publications in
1991 to 240 (33.5%) publications in 2007. The objective of this systematic review was to
review how survival analyses within single studies are reported across medical journals and
to evaluate changes in reporting over time and between journals. The review highlighted
there had been little improvement in the quality of reporting of these analyses during this
time period. Abraira et aP? highlight the lack of publications reporting the number of events
with 30 out of 104 (28.8%) publications in 1991 compared to only 60 out of 240 (25%)
publications in 2007. The authors also emphasise the lack of reporting of key elements
needed to interpret survival analysis results including description of censored cases, sample
size estimation and assessment of the PH assumption. The results demonstrate that the PH
assumption was only assessed in 5 out of 104 (10.6%) publications in 1991 whilst in 2007 the
assumption was assessed in 47 out of 240 (26.3%) publications. Abraira et al’! conclude that
a high proportion of publications are deficient in their reporting of survival analysis methods
and results and there was little improvement over the 16 year time period. Similar to Altman

et al’, the authors also present a list in the appendix of minimum requirements for the

reporting of survival analyses.

Although the Altman et al’ review was conducted and published prior to the introduction of
the CONSORT statement for improving the quality of reporting of RCTs (first published in
1996%, then revised in 200133, before being updated in 2010**), most of the recent reviews
published post 20083!%, illustrate that reporting levels are similar to those reported over 10
years earlier. There does not seem to be considerable improvement in the assessment of the
PH assumption, with the number of publications assessing the assumption still at less than
10%. Although the CONSORT statement doesn’t specifically mention the PH assumption, a

set of “minimum requirements” for reporting survival analyses have been published in
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Altman et al in 1995% which include “When Cox regression analyses are performed, describe
the criteria used to select the variables in the initial model, the procedure to specify the final
model and describe any methods used to assess the model assumptions.” In Abraira et al in
20133 the set of “minimum requirements” were slightly updated which state “When using
regression models, report the method used and results of model assumptions checking (e.g.,
the proportional hazards assumption in Cox models or distributional form in parametric
models).” However, in spite of some “minimum requirements” being published further work
is still required to ensure authors are not only assessing the PH assumption and mentioning
it in the publication, but are also explaining how they assessed the assumption, what the

results were, and what appropriate action was taken dependent on the results.

In a more recent review, published in 2016 by Batson et al*®>, 32 RCTs with TTE outcomes
published in five oncology journals between April and July 2015 were included. The objective
of this review was to review the methods and reporting of survival analyses and to access the

suitability and relevance of survival data reported in RCTs for the inclusion into meta-analysis.

Batson et al’® showed that the number of events were reported in 23 out of 32 (72%)
publications, all of the publications reported the analysis of overall survival (OS) and 90% of
publications reported a measure of follow-up time. The Cox PH model was reported in 28 out
of 32 (88%) publications as either a univariate or multivariable analysis. No details were
reported in the studies on the strategy for model building, the goodness of fit of the final
model or final model validation. The results from the PH model were presented as HR and
95% Cl. Assessment of the PH assumption was only reported in two out of 28 (7%)
publications where the Cox PH model was used for analysis. Graphical methods were used
for assessing proportionality including the log cumulative hazards plot and the plot of
Schoenfeld residuals. None of these publications presented the plots but reported that the
PH assumption was considered reasonable. Batson et af*’ report that an additional study

stated that “Because the Cox proportional hazards model is the most commonly used

14



approach to analyse time to event endpoints and because the two curves do not cross in this
negative study, no tests for proportionality were done.” However, the review authors state
that after assessing the K-M curve it was clear the survival curves did cross. Batson et al®*
conducted a review of the survival curves published in the 28 individual studies using the Cox
model and found that the survival curves crossed in 20 of the studies, implying that the PH

assumption was invalid.

Survival curves were presented in all 32 publications. The review states that poor resolution
and the use of relatively thick lines were the main limitations of the K-M curves as it made it
difficult to separate points where treatments had very similar survival probabilities. Batson

/35

et al’ state that further work is needed for assessing the impact of the PH assumption

violation on the interpretation of study results and any subsequent meta-analyses and NMA.

Rulli et al*® conducted a systematic review in 2018 where they included phase Il and phase IlI
RCTs published between January 2004 and January 2015. 115 studies were included that met
the eligibility criteria. The authors report that only four (3%) trials assessed the PH
assumption. The methods used to assess the PH assumption include scaled Schoenfeld
residuals, adding time-dependent variables in the model, plotting the log-log survival
functions and informally assessing the K-M curves. Rulli et al*® conducted their own testing
of the PH assumption and found that in 12 trials the PH assumption was violated. The authors
explain why they have also found that there is a relationship between the type of treatments
being compared and non-PH being present. New oncological treatments are regularly being
compared to conventional treatments with a different method of action. This is often
reflected in the disease progression and could explain why when treatments with different
mechanisms of action are compared, the hazards are not proportional. Since treatments with
different methods of action are being increasingly examined, further attention needs to be

given to the statistical methods being used in such circumstances.
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In 2014, Royston and Parmar®’ also provided reasons why they felt non-PH was being
detected more frequently now compared to the past. Their reasons included that Phase Il
trials were larger now, so have more power to detect non-PH if it is present. Also, with a
biological revolution, many more new therapies or treatments are being investigated. These
are often given to a patient for a certain period of time and then stopped in which case the
effect of the intervention may be seen during the treatment period but may diminish
gradually afterwards. Another reason why non-PH is being detected could be that patients
are selected to participate in trials so event rates are low initially for both arms as the patients
need to be fit enough and need to meet the inclusion/exclusion criteria in order to be
recruited. Then after the initial period differences between treatments are seen but these
differences will tail off after some time as patients progress and move onto the next line of
treatment. The reasons explained in this section for non-PH being increasingly identified

highlight why the planned simulation study is so important.

To my knowledge, there have not been any reviews conducted on the reporting of the PH
assumption within meta-analyses. There have been many methodology reviews explaining

14 22 38 39

how summary TTE data can be incorporated into meta-analysis , with only the

|22 |22

Williamson et al** review explaining how to assess the PH assumption. The Williamson et a
review was published in 2002 and focuses on how to extract the log(HR) and variance from
aggregate data before showing how to assess the PH assumption using aggregate data. The
review authors use a few methods including using overall log(HR) estimate for each study,
the log cumulative hazard plot and the log(HR) for different time intervals. Williamson et al?
do suggest that if the PH assumption is valid for one particular study then it is often

reasonable to expect that the assumption will be valid for all studies, if the studies are similar

enough with regard to other design and methodological features.

40-43

Similarly, there have been many reviews of IPD meta-analysis of TTE data®**, with Simmonds

et al*® and de Jong et al* mentioning the PH assumption within the reviews. Simmonds et
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al** published in 2011 conducted a simulation study where they compared three methods for
estimating a treatment effect in a randomised trial collecting TTE data: a hypergeometric
proportional odds model, a Cox PH model and an interval-censored logistic model which
could be either proportional hazards or proportional odds depending on the link function
chosen. The event times were simulated from a Weibull distribution. The main findings from
the simulation study were that PH methods “will be biased when the hazards are not
proportional...A greater awareness of the proportionality assumptions of the analysis
methods is needed in meta-analyses, and investigation and testing of proportional hazards
or odds assumptions should be a standard part of meta-analyses if interpretation of the

findings is to be appropriate.”

|42

De Jong et al** published in 2020 conducted a literature review of IPD meta-analysis of TTE

data which included 128 reviews. The literature review resulted in 10 key recommendations
that the review authors have summarised including “consider non-PH models”, “account for
clustering in one-stage models, preferably by stratification of the baseline” and “apply one-
stage models if trials are very small or the outcome very rare”. The review authors also
described what could be done if the PH assumption was found to be invalid. They explained
that if non-proportional hazards were present then an interaction effect could be included
between the intervention effect (or a covariate) and time in the one-stage approach or first
part of the two-stage approach. Additionally, fractional polynomials or splines could also be
applied but these approaches could complicate the interpretation of the regression
parameters. The authors explained that another approach could be to use methods not

)*. The percentile

reliant on the PH assumption such as restricted mean survival time (RMST
ratio® was another approach suggested by the review authors which is defined as the
expected ratio for the time at which a certain amount of participants will have an event in
the intervention group compared to the control group. Two-stage meta-analysis methods

have been developed for the percentile ratio as suggested by Barrett et al*.
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However, the literature does highlight that there have been no reviews conducted on the
reporting of the PH assumption within meta-analyses, which is why it is so important to

understand what happens within meta-analyses.

1.5 Thesis objective and structure

The Cox PH model is the most commonly used method for analysing TTE outcomes, but is
based on the validity of the assumption of PH. Although, methods are available for assessing
the validity of the PH assumption, the summary of previous work in Section 1.4.2 highlights
that assessment of the validity of the assumption is seldom reported. This is a bigger issue
when meta-analysis is performed, where different assumptions may have been made in the

analysis of each included study.

The aim of this thesis is to investigate how often the PH assumption is assessed within RCTs
and meta-analysis, including understanding the impact of non-PH on meta-analyses. This is
of particular importance as current research has focused on alternative methodology,

without knowing what impact non-PH may have on overall results.

Chapter 2 provides a more detailed summary of methods for assessing the PH assumption,
introduces alternative methods that do not depend on the PH assumption, and methods for

analysing TTE outcomes within meta-analyses.

In Chapter 3, | conduct a systematic review of the reporting of the PH assumption within
RCTs, and a survey of registered Clinical Trial Units (CTUs) in the UK to identify current
practice for the analysis of TTE outcomes in clinical trials, focussing in particular on the

assessment of the PH assumption.

In Chapter 4, | present a second systematic review of the reporting of the PH assumption but

this time focussed on practice within meta-analyses.
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In Chapter 5, | present an assessment of the results from digitising the K-M plots included in
Chapter 4, including three worked examples focusing on digitising K-M curves to investigate

non-PH in individual trials and in meta-analysis.

In Chapter 6, | summarise a further systematic review of the reporting of the PH assumption
but this time focussed on practice within Single Technology Appraisals with emphasis on both

clinical and cost-effectiveness results.

In Chapter 7, | conduct a large simulation study, informed by work in preceding chapters, to
understand the impact of the violation of the PH assumption. The simulation study assesses
the suitability of different modelling approaches for meta-analysis of TTE data in situations

where PH is valid and invalid.

The final chapter summarises the findings of the previous chapters, reflects upon the
implications for both clinical practice and research, and provides discussion of further

research needed.
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2 Literature Review

In this chapter a detailed overview of methods for modelling time to event data is given,
along with details on methods for assessing the PH assumption and a description of
alternative methods that do not require the PH assumption. Further details are also given on
how to analyse aggregate data meta-analysis, individual patient data meta-analysis and what

to do when there is a mix of both types of data.

2.1 Modelling time to event data in individual studies

2.1.1 Non-parametric models

Non-parametric methods do not require any specific assumptions to be made about the
underlying distribution of the survival times or the shape of the survival curve. Two non-
parametric procedures for comparing two or more groups of survival times, are the Log-rank
test and the Wilcoxon test. For the simple case in a study comparing two intervention groups,
the observed number of events in each intervention group along with the expected number
of events are calculated under the null hypothesis of no difference between the groups. The
log-rank test and the K-M survival curve are based on the same assumptions*’, which include
that censoring is not related to prognosis, the survival probabilities are equal for individuals
recruited early and late within a study, and the events happened at the times mentioned.
The log-rank test is used to test the null hypothesis that there is no difference between the
populations in the probability of an event at any time point. The log-rank test is more likely

to detect a difference between groups when the risk of an event is consistently greater for
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one group than another. It is unlikely to detect a difference when survival curves cross, as

can happen when comparing a medical with a surgical intervention.*

Similarly, the Wilcoxon test, also known as the Breslow test, is also used to test the null
hypothesis that there is equality in the survival functions of two intervention groups. By
definition, the Wilcoxon test seems similar to the log-rank test so the reasons for choosing
one test over the other are mentioned next. If the hazard rate at any given time for an
individual in one intervention group is proportional to the hazard rate at that time for a
similar individual in the other intervention group so in other words, the assumption of
proportional hazards is valid and the survival curves in the K-M plot do not cross then the
log-rank test should be used.* In all other cases, the Wilcoxon test should be used to test the
hypothesis of no difference in the survival time of the two intervention groups.? Therefore,
it is vital to check the assumption of proportional hazards when using the log-rank test to

assess whether the assumption holds.

The non-parametric methods are useful when comparing two or more groups of survival

times but limited when supplementary information on explanatory variables is required.

2.1.2 Semi-parametric models

The main semi-parametric approach that this section will focus on is the Cox PH model®,

which represents the most commonly used method for the analysis of TTE outcomes in RCTs.

2.1.3 Methods for testing PH assumption

2.1.3.1 Kaplan-Meier survival plot
The K-M plot displays the survival probabilities for one or more groups against time. The plot
can be inspected visually to assess whether there is crossing of the plotted survival curves as
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seen in Figure 1 and Figure 2. This method provides a subjective view on the validity of the
assumption. Additionally, the K-M plot could suggest that the curves do not cross or only
slightly cross, allowing one to make a decision on the validity when the actual data could be
suggesting the opposite. K-M curves could also cross due to limited sample size and events
making it again hard to judge. Another factor that is of importance when assessing the
assumption is the quality of the K-M curve as a poor-quality curve could lead to an inaccurate
decision being made. Hence, even though it could be helpful to assess the K-M plot visually
to understand the data, an additional method should also be used when making a decision

on the proportionality of the hazards.

2.1.3.2 Log-cumulative hazard plot

The log cumulative plot is another graphical tool used for the assessment of the PH
assumption. If the PH assumption is valid, then a plot of the logarithm of the cumulative
hazard function in each covariate against the logarithm of time, should produce lines that are
parallel. The plotis also known as the log(-log(survival)) plot as the cumulative hazard is equal
to the negative logarithm of the survival proportion. To assess the assumption using this plot,
the survival data are firstly grouped according to the levels of one or more covariates. If
continuous variables are included in the analysis, then their values need to be categorised
into groups before use.® Then the K-M estimate of the survivor function of the data in each
covariate is obtained, before producing the log cumulative hazard plot. Again, this approach
also requires a subjective assessment. Although, this method is informative, convergent and
divergent lines could be due to either the PH assumption being invalid or an important

covariate not being included. Therefore, the plot would need to be assessed carefully.
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2.1.3.3 Schoenfeld residuals

The Schoenfeld residuals is another graphical assessment of the PH assumption, but a
graphical summary that tests the covariates for time-dependence. The Schoenfeld residuals®
do not take just one value of residual from each individual but instead take a set of values,
so one set for each covariate included in the fitted Cox regression model. However, Grambsch
and Therneau®® have developed scaled Schoenfeld residuals which is one of the most
powerful diagnostic tools for proportionality according to Ng’andu®? as the scaled Schoenfeld
residuals assess the association between residuals and time hence highlighting if a time-
dependent covariate exists and also provide a test statistic for formally testing for
proportionality. The expected value of the ith scaled Schoenfeld residualsi = 1, 2, ..., p, for

the jth covariate in the model, X, j=12,..,p, denoted r;ﬁ, is given by:

E(ngi) = ﬁj(ti) - Ej 2)

where f;(t) is the time-varying coefficient of X, B;(t;) is the value of this coefficient at the
survival time of the ith individual, t;, and ,L?j is the estimated value of j; in the fitted Cox
model. This equation suggests that a plot of the values of rgﬁ + ﬁj, or even just the scaled
Schoenfeld residuals, rs*jl-, against the observed survival times should provide details on the
form of the time-dependent coefficient of X;, B;(t). In particular, a horizontal line will imply
that the coefficient of X; is constant and that the PH assumption is valid. An overall or global

test of the PH assumption across all the p covariates included in the Cox regression model

provides a test statistic known as the Grambsch and Therneau test of proportional hazards.
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2.1.3.4 Linear correlation test

Another method for testing the association between residuals and time is the linear
correlation test developed by Harrell*?>3, This is a simple test of the PH assumption based on
Schoenfeld’s residuals of the model. This test is conducted using Fisher’s z-transform of the
Pearson correlation between the residuals and the rank order of failure time. The residuals
do not depend on time and they do not contain the estimated baseline hazard function which
simplifies their asymptotic distribution. The test statistic for testing the validity of the PH

assumption, is calculated using the following formula:

Z = pJ(n, — 2)/(A - p?) (3)

where p is the correlation between the residuals and failure time order and n,, is the total
number of uncensored observations. This test statistic is likely to be positive if the HR for
high values of the covariates increases over time, and negative if the HR decreases over time.

This method does not require categorization of the time variable or the covariate.>?

2.1.3.5 Lee and Pirie method

The Lee and Pirie® graphical method is more often known as the H-H plot where the
cumulative hazards for the intervention groups are plotted at the same time points. The basis
of this method is that events may occur more, less or equally rapidly with increasing time in
one series than in another, such as patients may have greater survival rates in one
intervention group than another. The H-H plot is another graphical form for assessing the PH
assumption by assessing if the trend follows a linear pattern. The plot contains a line of
intercept which starts at the origin and then the cumulative hazards are plotted, if the data

follows the line of intercept then the hazards are proportional. However, if the hazards are
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below the line then the PH assumption is invalid as the cumulative hazard for the treatment
on the y-axis is getting proportionately further from the treatment on the x-axis over time. If
the data sits above the line, then again, the PH assumption is invalid as the hazard for the
intervention becomes proportionately smaller over time as the hazard for the comparator
decreases more quickly than the intervention hazard. The Lee and Pirie method is similar to
other graphical methods for assessing the PH assumption as again it is a subjective
assessment of the assumption. However, an extension to the Lee and Pirie method exists
which conducts a formal test to test if the intercept for the linear trend is significantly
different from zero. The test is based on the logic that cumulative hazards will always start
at zero (H[t]=-In[1]), so the linear trend of the data will always start at the origin. However, if
the intercept of the H-H plot is significantly different from zero, there is evidence to suggest
that the trend is not linear, and that PH does not hold across the time period. It is also likely
that the linear trend could go through the origin but then the hazards are above the line for
the first half of the data and then below the line for the second half, in which case PH would
be invalid. Therefore, it is necessary to assess the plots and conduct the formal test to fully

understand the validity of the assumption.

2.1.3.6 Time-dependent covariates
Another way of assessing departures from PH is by introducing a time-dependent covariate
to the Cox regression model. A PH model for the hazard function of the ith individual in a

study is

hi(t) = exp{Byx1;}ho(2),

where x;; is the value of an indicator value X; that is zero for the control arm and unity for

the new treatment. The relative hazard of the event at any time for a patient on the new

25



treatment, relative to one on the control arm is then ef1, which is independent of the survival
time. A time-dependent covariate X,, where X, = X; t is added to the model and the hazard

of the event at time t for the ith individual becomes,

hi(8) = exp{Bix1; + Baxzi tho(t), 4)

where x,; = xq;t is the value of Xt for the ith individual. The relative hazard at time t is
then: exp(f; + B,t) since X,=t under the new treatment, and zero otherwise. This hazard
ratio depends on t, and the model in equation (4) is no longer a PH model. In particular, if
B,< 0, the relative hazard decreases with time which means that the hazard of the event
occurring on the new treatment, relative to that on the control arm, decreases with time. If
B1<0, the superiority of the new treatment becomes more apparent as time goes on. In cases
where ,> 0, the relative hazard of the event occurring on the new treatment increases with
time, reflecting an increasing risk of the event occurring on the new treatment compared to

the control arm.3

To test the null hypothesis that the hazard is constant so PH is invalid, the likelihood ratio
test statistic can be conducted by comparing the change in the value of the —ZIogf statistic
to percentage points of the chi-squared distribution to test the significance of the covariate.

This is therefore a formal test of PH.?

The methods described above explain the many ways available for assessing the PH
assumption. Once the validity of the assumption has been checked, a decision can be made
on the assumption. If it is valid then nothing further needs doing, however if the assumption
does not hold then alternative methods will need to be considered which do not depend on

the PH assumption being valid.
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All of the above approaches can be used in individual studies and within a meta-analysis
setting provided the raw data is available. However, if the raw data isn’t available and the
study authors have been approached to obtain the data but had no success then there is

one approach that can be used to obtain pseudo IPD data as described in Section 2.1.3.7.

2.1.3.7 Digitising K-M curves
This approach uses the published K-M plot to obtain pseudo IPD data as suggested by Guyot
et al*®, by digitising the K-M curves using software such as Digitiselt

(http://www.digitizeit.de/). Using this software, reconstructed IPD is obtained, which can

then be used to conduct secondary analyses of survival data, whether for efficacy analyses
or cost-effectiveness analyses. Another way in which this method can be used is to assess the
PH assumption by using the reconstructed IPD to conduct further testing using any of the
previously described methods. The method of reconstructing the K-M data has been
validated and it has been suggested that reproducibility and accuracy of reconstructed
statistics such as survival probabilities and median survival times was excellent as mentioned

1. However, for obtaining the HRs, reasonable accuracy can only be obtained

by Guyot et a
if numbers at risk are provided otherwise further assumptions will need to be made. This
method has been applied to obtain survival statistics which have been tested for accuracy

and reproducibility?®, as well as some initial work being done for assessing the PH

assumption®>>®, Further details on how this is carried out in practice are given in Chapter 5.

2.1.4 Parametric models

There are three distributions that are most commonly assumed for the analysis of survival

data using parametric models: exponential, Weibull and Gompertz. All three distributions will
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be explained in detail with particular focus on the Weibull distribution as it is the most
commonly chosen parametric model. Once the distributional model for survival times is

specified the hazard function, survival function and probability density functions can be

determined:
S(t) = exp{—H(t)} 5)
and
as
£ = hosw = -5, ©)

where H(t) = foth(u)du is the integrated hazard function and f(t) is the probability

density function of the survival time.?

2.1.4.1 Exponential distribution

The exponential distribution is the simplest model for the hazard function as it assumes the
hazard is constant over time. The hazard of an event at any time after the time origin of the
study is then the same, regardless of the time that has elapsed.? Hence, the hazard function

is written as
h(t) = 4,

for 0 < t < oo. The parameter A is a positive constant that can be calculated by fitting the

model to observed survival data. The survival function can be written as:
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and thus the corresponding probability density function of the survival times is:
f(@) = 2e™,

for 0 < t < . The median of the exponential distribution, t(50) is such that S{t(50)} = 0.5

that is,
exp{—At(50)} = 0.5

so that

1
t(50) = IlogZ

2.1.4.2 Gompertz distribution
The Gompertz model was introduced by Gompertz in 1825, as a model for human mortality3.

The hazard function is written as:
h(t) = 1e%,

forO0 <t <o,and A > 0.If @ = 0, then the hazard function has a constant value, A, and the
survival times then follow an exponential distribution. The parameter 8 determines the
shape of the hazard function, with positive values resulting in a hazard function that increases

with time. The survivor function can be written as:

S(t) = exp {%(1 - eet},

with the corresponding probability density function given as:
ot A ot
f(t) = e"‘exp 5(1—6 ,
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The median survival time is written as:

1 0
t(50) = Elog {1 + zlogZ}

2.1.4.3 Weibull distribution
Unfortunately, the assumption of a constant hazard function is rarely plausible. Thus, a more

broad form of the hazard function can be written as:
h(t) = Ayt¥1,

for 0 < t < oo, a function that depends on two parameters, A the scale parameter and y the
shape parameter, both which are greater than 0. In the case where y = 1, then the hazard
function is equal to A, and the survival times follow an exponential distribution. For all other
values of y, the hazard function increases or decreases monotonically, therefore does not

change direction. The survivor function can be written as:

S(t) = exp {— fot Ayuy‘ldu}
= exp(—AtY)
with the corresponding probability density function given as:
f(t) = Ayt"texp(=AtY),

for 0 < t < o. The Weibull distribution is denoted as W (A, y) with scale parameter A and
shape parameter y. The right-hand tail of this distribution tends to be longer than the left-
hand tail, hence why this distribution is known to be positively skewed.? The median survival

time is known as:

t(50) = {% logZ}l/y
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As the Weibull hazard function can take a range of different forms, based on the value of the
shape parameter, y and as suitable summary statistics can easily be acquired, this

distribution is widely used in the parametric analysis of survival data.

2.1.5 Comparing parametric and semi-parametric approaches

As with any parametric approach, there is a need to identify the most appropriate
distribution for the data which is not always straightforward. However, when a suitable
distribution is found, the parametric model is more informative than the Cox model. It is
simple to estimate the hazard function and to obtain predicted survival times in order to
extrapolate the data and make projections into the future, which isn’t possible within the
Cox model. In addition, the parametric models yield more efficient and precise estimates
(smaller standard errors). The results from the Cox or parametric models can be compared
directly, as in essence the different model types are simply different approaches for

estimating the same result.®

2.1.5.1 Assessing PH Assumption for parametric models

Before fitting a model based on an assumed parametric form for the hazard function, the
validity of the PH assumption should be checked. If the hazard function is reasonably
constant over time, this would suggest that the exponential distribution is the most
appropriate model for the data. However, if the hazard function is increasing or decreasing
monotonically with increasing survival time, then a Weibull distribution may be the preferred

option.

Nevertheless, a more informative method for assessing whether a particular distribution for

the survival times is reasonable is by comparing the survivor function for the data with the
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survivor function from the chosen model. An ideal approach for implementing this is by
transforming the survivor function to produce a plot that gives a straight line if the assumed

model is suitable.

An example of how to perform this is by taking a single sample of survival data, and using say
a Weibull distribution for the survival times. As the Weibull distribution contains a scale

parameter, A and shape parameter y, written as:

S(t) = exp{—At"}

Taking the logarithm of the survivor function, S(t) multiplying by -1 and then taking

logarithms again gives:

log{—logS(t)} =logA + ylogt

This is the log-cumulative hazard plot which was mentioned earlier in this chapter. If the log-
cumulative hazard plot gives a straight line, the plot can be used to deliver a rough estimate
of the two parameters in the Weibull distribution. However, the intercept and slope of the
straight line are now log A and v, thus the slope of the line provides an estimate of the shape
parameter and the exponent of the intercept provides an estimate of the scale parameter. If
the slope of the log-cumulative hazard plot is close to unity, it is possible to model the survival

times using the much simpler exponential distribution.

Details have been given on how to use the log-cumulative hazards model to assess if the
correct parametric model has been used to model the survival times, but the log-cumulative
hazards models can also be used to assess the PH assumption. For the assumption to be valid
the hazard rates needs to be constant at any time point for the two intervention groups. To
explain how the assumption is checked, the Weibull distribution will be used to demonstrate
so the two intervention groups are labelled as intervention A and intervention B. The

indicator variable will be labelled X, which takes a value of zero if an individual is receiving
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intervention A and value of unity if an individual is receiving intervention B. Under the PH

model, the hazard of an event occurring at time t for the ith individual is given by:
hy(t) = eP¥ihy(t)

where x; is the value of X for an ith individual. Therefore, the hazard at time t for an individual
in intervention group A is hy(t), and for an individual in intervention group B is Y hy(t),
where ¥ = exp(f). The value 8 is the logarithm of the ratio of the hazard for an individual
in intervention group B, compared to that of an individual in intervention group A. Therefore
in this situation, a single sample of survival times from intervention group A will follow a
Weibull distribution W (A,y), where the log-cumulative hazard plot will give a straight line
with intercept log A and slope y. A single sample of survival times from intervention group B
will also follow a Weibull distribution W (3 4,y), where the log-cumulative hazard plot will
give a straight line with slope y but with intercept logi + logA. If the estimated log-
cumulative hazard function is plotted against the logarithm of the survival times for
individuals from the two intervention groups, then parallel straight lines would suggest that
the PH assumption and Weibull survival times are reasonable. If however, the two lines in
the plot are in principal straight, but not parallel, then this would suggest that the shape
parameter, y is different for the two groups, and the hazards are not proportional.
Additionally, this would also suggest that the Weibull model may not be appropriate to use
to model the survival times and an alternative distribution may be more suitable. However,
if the curves seem reasonably parallel, then this would suggest that the PH assumption is

valid and that the cox regression model may be more appropriate to use.?

33



2.1.6 Accelerated Failure Time model

The accelerated failure time (AFT) model allows a wider range of survival distributions
including the Weibull distribution, log-logistic distribution, log-normal, gamma and inverse
Gaussian distributions which allow increased flexibility. The parametric AFT model assumes
the covariates measured for an individual act multiplicatively on the time-scale, so in other
words say for the covariate treatment, the length of survival is either increasing or decreasing
in the new treatment group compared to the standard treatment group. For a group of

individuals with covariates (xq, x5, ..., X)), the model is written as:

S(t) = So(et)

where S, (t) is the baseline survivor function and ¢ is the ‘acceleration factor’, which is an

unknown positive constant. The AFT model is sometimes referred to as:
IOgT = bo + b1x1 + bzXz + -+ bpxp + ¢

where ¢ is the measure of variability in the survival times. Here the survival times are
multiplied by a constant effect, and the exponentiated coefficients, exp(b;) are referred to
as time ratios, where a time ratio of greater than one for the covariate suggests that the time
to the event has been extended whereas a time ratio of less than one suggests that the event

is likely to occur earlier.

Where the survival times are modelled using the Weibull distribution, it can be shown that
the AFT and PH models are equal.? In this situation, the AFT model only differs from the PH
model in terms of interpretation of the effect size as the AFT model is measured in terms of
time ratios (TRs) compared to HRs for PH models. Similar to the parametric PH models, the
AFT model can also be used for survival probability projections which is often used for cost-
effectiveness analyses. Additionally, there are underlying assumptions of the AFT model that

need to be considered. These include a suitable choice of probability distribution for survival

34



times and the covariate effects are expected to be constant and multiplicative on the time-

scale.3®

2.1.7 The Royston and Parmar method

It is sometimes difficult to determine which probability distribution should be used to model
the survival times. In this situation, the Royston and Parmar®” method can be considered,
which models the underlying baseline hazard parametrically but allows the model to have
greater flexibility than is possible with fully parametric models. This method begins by fitting

a Weibull model for the hazard of an event occurring at time t, where:

hi(¢) = exp(B'x;) ho (D),
where ho(t) = AytY™1, 2 and y are the scale and shape parameters of the Weibull

distribution, and x; is the vector of values of p covariates for the ith individual. The

cumulative hazard function can be written as:

t
Hi(6) = f hi(w)du = exp(B'x)ALY,
0

and the log-cumulative hazard function becomes:
logH; (t) = B'x; +logA + ylogt

If we setn; = B'x;, and let y, = logA, y; = y and y = logt, then the log-cumulative hazard

function for the Weibull model becomes:
log H;(t) = vo +v1y + m;
This rearrangement shows that the log-cumulative hazard function is linear in y = log t.

The next step in fitting the Royston and Parmar model is to simplify the linear termin yto a
natural cubic spline in y. To define this, the series of values of y are separated into a number

of intervals, where the boundary between each interval is called a knot. A simple example of
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this would be for say 3 knots to take the smallest and largest y-values so ki, and k4, and
then divide the range into two so the knot in the middle becomes k;. Thus, there are two
knots at the boundaries and one interval knot such that this cubic expression in y is defined
asy € (kmin, k1) and y € (kq, kg ). These two cubic expressions are then forced to have a
smooth join at the interval knot k; to give a cubic spline. The flexibility of the parametric
model for log H;(t) can be increased by adding in more internal knots. However, the higher
the number of knots, the more complex the curve becomes. The log-cumulative hazard
function can be extended for a model with m interval knots, which means the survival times
no longer follow a Weibull distribution, or any other known distribution, although the model

still assumes PH between the covariates.

For fitting the model, the maximum likelihood method can be used. Firstly, the Akaike
information criterion (AIC) statistic can be used to select the covariates to include in the
model, before using the statistic to determine how many knots should be fitted to the model,

where a model with zero knots is a standard Weibull model.?

Although the flexible parametric model gives appropriate estimates of treatment effects
under PH and non-PH with the addition of time-dependent effects, they are complex to fit

and interpret. An alternative effect estimate to the HR is described next.

2.1.8 HR Interpretation under non-PH

In the presence of non-PH the interpretation of HR is an average HR (AHR) over the observed
follow-up. A recent paper by Schemper et al®® clarified and explored many definitions of
“average” and concluded in favour of a definition proposed by Kalbfleisch and Prentice®

based on weighted Cox regression:
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where hy(t)and h,(t) are the hazard functions in the two treatment groups, h(t) = hy (t) +
ho(t) and w(t) is the weight function to be chosen by the user. F(t) is the density function
but Royston and Parmar®® note the uncertainty about what the distribution of the density
function is. Royston and Parmar® also argue against the proposal by Schemper et al*® that
an overall estimate of the HR can be regarded as an average of time-dependent HRs over the
event times. The issue with the average HR is that it is uninterpretable especially if the
hazards cross so that the HR switches from being greater than one to less than one over the

entire period.

Royston and Parmar® discuss recently reported trials that observed crossing survival curves,
but inspite of which the HR was still reported. Although the PH assumption should be
checked, a recent review® has highlighted the poor reporting of the PH assumption and this

is further explored in Chapter 3.

Additionally, early stopping rules that assume PH can be making inappropriate decisions in
particular in cases where the HR later changes considerably. Unfortunately, no single
summary of HR or risk difference can appropriately describe situations in which the
treatment effect changes direction as follow-up increases. Even in instances where PH is
valid, the HR is not as clinically meaningful as some other types of effect estimates such as
difference in average survival time or proportion say alive at a fixed time point, concealing
the absolute difference between the treatments and failing to communicate the clinical value

of a treatment.*
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2.1.9 Definition of restricted mean survival time

Due to the difficulties with interpretation of HR, particularly under non-PH, the RMST, a
measure of average survival from time 0 to a specified time point, was first introduced in
19491 and then included in some seminal work of Per Kragh Anderson and others®%, The
difference in RMST has been regarded as an alternative to the HR as a summary measure of

the treatment effect.

The RMST, u(t*) say, of a random variable T, is the mean of the survival time X=min(T,t*)

limited to some horizon t*>0. It equals the area under the survival curve S(t) up to t*:

u(t?) = E(X) (7)

= E[min(T, t*)]

= f t*S(t)dt
0

When Tis time to death, we may interpret u(t*) as the ‘t*-year life expectancy.’ For example,
a patient might be told that ‘your life expectancy with X treatment and Z disease over the
next 18 months is 9 months’, or ‘treatment A increases your life expectancy during the next
18 months by 2 months, compared with treatment B’. The measure u(t*) increases
monotonically with the t* as equation (7) gives a non-negative, increasing function of t*. The
integral is not in general evaluable due to the almost universal right-censoring of the time to

event.*
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2.1.9.1 Methods for estimating RMST
In 2011, Royston and Parmar® described three approaches for estimating the difference in
RMST, which will all be explained in detail below. These methods use pseudo-values, flexible

parametric model and integration of the Kaplan-Meier estimate.

2.1.9.1.1 Pseudo-values

Using pseudo-values the RMST for individuals can be estimated by a non-parametric jack-
knife method (leave-one-out approach)®. Suppose the focus is on the parameter, 0. The first
step is to estimate 6 based on the whole sample with observations for each individual i
(i=1,2,...,n). Then estimate 6 again using the leave-one-out approach so based on a
subsample by omitting an observation, i say. The pseudo-value é: for observation i is

calculated as the difference between the two estimates of 8, and is defined as:

where @ is the estimate based on the full sample and §_, is the estimate based on the subset
of the sample without observation i. The average of pseudo-values across all observations is

given by

9)

)

S|

INgh
)

epeudo =

From this equation, there is

E(épeudO) = E(éi)'
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suggesting E(épeudo) = 0, if E(éi) = 0. Additionally, based on the definition of an
individual’s pseudo-value in (8), there is E(éi) = 0 if E(é) = 0. Hence, the use of the

unbiased estimator 8 is vital for épeudo to be unbiased for 6.

Therefore, the pseudo-values for the RMST®?®3 are defined as
t*
i = f S;(t)dt
0

t* t*
=nfO S(t)dt—(n—l)]o S_;(®)dt

where the survival function S/(?) can be replaced by a Kaplan-Meier estimate

(10)

where d,, denotes the total number of failures from time origin to time u and n,, is the total
number of individuals still at risk prior to time u. The pseudo-values estimator for the RMST

is then defined as

Ak —_—
Aupseudo -

S|k

n
Ak
M
=1

The pseudo-values and Kaplan-Meier estimates are both non-parametric. Therefore, when

combined they provide a non-parametric estimate of the RMST.%¢
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2.1.9.1.2 Flexible parametric model
A parametric method for calculating the RMST is using the flexible parametric survival model.
As explained in Section 2.1.7, Royston and Parmar suggest approximating the log of the

cumulative baseline hazard H,(t) using a function of the log of time

InHy(t) =y +yiInt +y,vi(Int) + -+ + g, 11Vk, (Int) (12)

where y;are regression parameters with i=0,1,...K+1 and v;is the ith spline with i=1,2,...,K;).
Here, K, represents the number of distinct internal knots which again have been defined in

Section 2.1.7. The RMST in equation (7) can be rewritten as

t* t*
* = = - 12
u fo S(t) dt fo exp( H(t)) dt (12)

Then setting InHy(t) = s(Int |y, K;), the log cumulative hazard function can be specified as

InH(t) =s(nt|y,Ky) +s(Int |5, K;)x + Bx

where x is the treatment arm. The interaction term s(Int |, K;)x is added into the model to
account for the non-PH hazards. If the number of knots increase, then the complexity of the
model also increases. It is known that the estimates of RMST are similar when the degrees of
freedom for the baseline distribution is 3 or more (i.e. K;=2) Hence, the default number of
degrees of freedom in statistical software tends to be 3. Flexible parametric models can be

calculated in Stata, R and SaS.
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2.1.9.1.3 Integration of survival functions

Another method that is also often used for estimating RMST is directly integrating the Kaplan-
Meier estimate of the survivor function from time 0 to t*. To calculate the RMST, simply
integrate the Kaplan-Meier estimate §j(t)of Sj(t) on (0, t*) for each treatment group
separately, where S;(t) = So(t)e"p(ﬁy), So(t)is the baseline survival function and ,[?] is the
log HR for treatment j compared to the control group. This is equal to using survival estimates

from a cox model stratified by treatment group.®®

2.1.9.2 Calculating the difference in RMST and its variance

The difference between the RMSTs for two treatment groups of a trial is defined as

A" = —
This measure is known as the RMST difference (rmstD). The rmstD measures the quantity by
which the treatment group changes the survival time on average up to time t* compared to
the control group. The interpretation of rmstD is quite simple, e.g. patients in the treatment

group have A* more years, say gained/lost in life expectancy from 0 to t*compared to

patients in the control group.
The variance of the RMST is defined as:
Var(X) = RSDST? = E(X?) — [E(X)]?
t* t* 2
=2 [, tS(t) dt - [fo S(t) dt]

where RSDST is the restricted standard deviation of survival time. The RSDST is then

JVar(X).*
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2.2 Meta-Analysis

If the objective is to conduct a meta-analysis of TTE data from multiple studies, an aggregate
data approach would usually focus on extracting the HR, or suitable data to approximate it*4,
and measure of precision from each individual study to input into the calculation of the
pooled overall estimate. However, noting the issues outlined in previous sections, with poor
reporting of TTE data in primary studies, and the lack of adequate investigation and reporting
of the underlying assumptions, it is conceivable that meta-analyses based on aggregate data
may be problematic. Therefore, carrying out IPD meta-analysis has many advantages
including the opportunity to examine the data thoroughly, the chance to produce reliable
analyses across studies, avoiding issues of within-study selective reporting®” and the chance

to conduct further analyses such as treatment-covariate interactions.

2.2.1 Aggregate data meta-analysis
As it is not always possible to obtain IPD due to restrictions gaining access to data or
restrictions with resources, performing an aggregate data meta-analysis may be the only

option, and will often be a pre-requisite to more detailed IPD approaches.

The basic data required for an aggregate data meta-analysis is the log HR and variance of the
log HR from each study. If summary statistics are presented, the following three approaches
can be used to obtain estimates of HR and a measure of uncertainty from the study reports

for inclusion in a meta-analysis.

1. The simplest approach is that if the trialists have analysed the data using a Cox PH
model then estimates of the log HR and its variance can be extracted. If the HR is
reported alongside the confidence interval or p-value then an estimate of the

variance can be obtained using these values as shown in the Cochrane Handbook®.
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2. Another approach is to estimate the HR approximately, using statistics computed

during the log-rank analysis. The log HR is estimated by (O-E)/V and standard error is

equal to 1/4/V, where O is the observed number of events in the treatment arm, E is
the log-rank expected number of events in the treatment arm, O-E is the log-rank
statistic and V is the variance of the log-rank statistic. This approach is described in

more detail by Parmar et al*.

3. The third approach is to estimate the log HR and its variance from survival curves.

1**in 1998 by manually estimating survival

This approach was described in Parmar et a
probabilities at appropriate time points by reading off the published curves. However
a more efficient and accurate way of extracting data from the survival curves is to
reconstruct approximate IPD from published curves using specific software as

suggested by Guyot et al?°. This approach allows a re-analysis of the data to estimate

the HR and its variance.

The methodology of aggregate data meta-analysis is well developed with many different
approaches being used including fixed effect approaches such as inverse-variance
weighting®®, the Mantel-Haenszel method®® or the Peto method®, and random effect

approaches such as Dersimonian and Laird?..

The inverse-variancel® method is where the weight given to each study is chosen to be the
inverse of the variance of the effect estimate. The DerSimonian and Laird?! method is a
variation of the inverse-variance method which incorporates the assumption that the

different studies are estimating different, yet related, intervention effects.

The Mantel-Haenszel® method is usually the default fixed-effect method of meta-analysis
programmed within software packages such as Stata® and R’°. This method is used when

data is sparse, either in terms of event rates being low or study size being small or the
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estimates of the standard errors of the effect estimates that are used in the inverse variance
methods being poor. The Mantel-Haenszel method uses a different weighting system that

depends upon which effect measure is being used.

Another fixed-effects method is the Peto'® method which uses the number of observed and
expected events to calculate the pooled log HR. Here, O is the observed number of events
and E is an expected number of events in the experimental intervention group of each study.
The data required for the analysis is derived from the number of events and the individual

times to event on the research arm of each trial.

2.2.2 |IPD Meta-analysis

For the IPD meta-analyses, two different statistical approaches can be considered, a one-
stage and a two-stage model. One-stage models simultaneously analyse IPD from all studies,
while accounting for the separate studies. Such models, while more computationally
complex, offer additional flexibility to incorporate covariates, interaction terms or
heterogeneity parameters® 7172, A series of one-stage Cox models for the meta-analysis of

TTE data where IPD are available, has been described previously’?.

Alternatively, a two-stage approach would fit separate models to the data from each study
individually as the first stage and then study level results (logHR and standard error (SE)) from
these separate models pooled together using general meta-analytic models in the second

stage.

2.2.3 IPD and Aggregate data
If IPD is available for some included studies but not all, and if suitable aggregate data is
available in those studies without IPD then the different types of data can be pooled

together, using a two-stage approach as described above.
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2.2.4 Heterogeneity

Heterogeneity is defined as any variability between studies included in the meta-analysis’?,
and can be split up into methodological or statistical heterogeneity (difference in study
designs or differences in the study effect sizes ) or clinical heterogeneity (difference in study
population or difference in interventions). Heterogeneity is measured using various statistics
including the I? statistics, T2 or Cochrane’s Q 7. It is crucial to account for heterogeneity
within meta-analysis, as otherwise the results could be misleading. If there is no evidence of
heterogeneity between the included studies, then this could suggest that the test doesn’t
have enough power to detect the heterogeneity but in such a case a fixed effects model could
be used to pool the studies together. If there is some heterogeneity between studies, this
needs to be factored into the analysis, such as by using a random-effects model®.. If there is
a large amount of heterogeneity present between the studies, it may be inappropriate to
pool the results from different studies, hence where a narrative summary of results may be

more appropriate.
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3 Review of reporting of the Proportional Hazards assumption

within Randomised Controlled Trials

3.1 Introduction

Most of the previous methodology reviews°3!

conducted have focused on reporting of TTE
outcomes in RCTs with very little mention of the PH assumption and hardly any reporting of
the methods used for assessing the PH assumption. A recent methodological review by
Batson et al’* was the first known review to not only report on how often the PH assumption
was assessed but also to report what methods were used to assess the PH assumption. The

main limitations for this review were that only 32 publications were included and all were

from an oncology setting.

The objectives of this chapter are to (i) assess the frequency and approaches used for
exploring the PH assumption within individual RCTs, and (ii) assess which methods of analysis
are used in current practice. This is achieved by conducting an in-depth review of a sample
of published RCTs that have included the analysis of a TTE outcome using a method assuming
PH, and undertaking a survey of current practice targeted at the UKCRC network of registered
CTUs, who are regularly involved with conducting and analysing clinical trials with TTE

outcomes across a wide range of disease areas.

3.2 Methods of the in-depth review

3.2.1 Identification of RCTs

To identify the RCTs to include in the review, a list of systematic reviews of RCTs that are
known to have analysed TTE outcomes using methods assuming PH (to be described in full in

Chapter 4) was examined. From the list of 123 included systematic reviews, a focused sample
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of 20 (16%) systematic reviews were selected to provide a pragmatic but representative

sample of RCTs that included:

e A selection of reviews including different types of data so that a mix of aggregate
data reviews, IPD reviews and reviews including aggregate data and IPD were
included.

e Avaried number of RCTs included in the systematic review ranging from 2 included

studies up to 39 included studies.

It is worth noting that for the selection of studies, the studies chosen were sent to all
supervisors for review. Screening of studies and data extraction were all completed by

myself.

3.2.2 Eligibility criteria

3.2.2.1 Inclusion criteria

e RCTs using an analysis approach that assumes PH including Cox PH regression and
log-rank test
e RCTs that have a comparative element of two treatments

e RCTs are phase II/lll studies

3.2.2.2 Exclusion criteria

e RCTs analysed using methods not assuming PH

e No TTE analysis conducted

e RCTs where TTE data is treated dichotomously so OR were reported so no HR
reported.

e RCTs where additional data has been obtained from the study authors to conduct

TTE analysis in systematic review
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e Not possible to access the RCT publication
e Full-text not available in English

e Abstracts

3.2.3 Screening of studies
All RCTs included in the sample of systematic reviews chosen for inclusion were screened for

eligibility. For consistency, the same TTE outcome that is used later in Chapter 4 was used.

3.2.4 Data Extraction

Data extraction was performed by creating a pilot database of all extracted data in Microsoft
Excel. The content of the data extraction database was based on guidelines for the reporting

>, The first version of the database was

of survival outcomes and analyses in Batson et a
piloted using three RCTs to ensure sufficient data was being captured. A screenshot of the

database is provided in Appendix 1, but in brief included:

e Review title

e RCTtitle

e TTE outcome (Only one endpoint per RCT has been reported here as the main focus
has been on reporting the same survival outcome as used in Chapter 4)

e Method of analysis (i.e. Cox PH model, log-rank test etc)

e Sample size

e Clinical Area

e Length of follow-up

e Level of censoring observed

e HR(95% Cl)
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e Whether the PH assumption was assessed

e Method used to assess the PH assumption

e Result of PH assumption

e If PH assumption was not valid was an alternative method used instead. If so, what
method was used.

e Graphical plots such as Kaplan-Meier (K-M) plot presented

e Number at risk/Number of events reported

3.2.5 Clinical Trials Unit Survey

A survey was conducted to understand what methods were used by statisticians to analyse
TTE outcomes in RCTs with particular focus on the assessment of PH. To conduct this survey
all UKCRC registered CTUs in the UK were contacted, to supplement the review of RCTs
described in Section 3.2.4, which could be prone to selective reporting of the information
about the PH assumption. Hence, by conducting a survey of practice it provides a better
indication of what is done routinely rather than what is reported. The survey consisted of
three questions regarding the methods used for the analysis of TTE outcomes, what methods
they used to assess the PH assumption when using a method that assumes PH and what they
would do if the PH assumption was invalid. Statisticians at each CTU were approached and
were asked to provide responses on behalf of the CTU, so they could discuss the survey with
colleagues before completing the survey. An online link was sent to the Registered CTU co-
ordinator who then sent it to all CTUs. One email reminder was sent out after three weeks. |
received email notification on completion of the survey. A glossary of all methods mentioned

in the survey was also sent out. A copy of the survey is included in Appendix 2.
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3.3 Results

3.3.1 Characteristics of included RCTs in the review

166 RCTs that had been included in 20 systematic reviews were assessed for eligibility. In
total 106 out of 166 (64%) publications of Phase Ill RCTs were included from across 18
reviews. Two full reviews had to be excluded as for one review, four of the publications could
not be located and one study was in Japanese and for the other review none of the
publications conducted any Cox PH analysis. The study flow diagram is shown in Figure 4. The
references for all 106 RCTs are given in Appendix 3. It is important to note that no duplicate

studies were identified.

The publications detailed RCTs in a range of clinical areas including Cardiology, Neurology,
Oncology and Epilepsy. Total sample sizes in the RCTs ranged from 26 to 33,357 patients with
a median sample size of 408 patients. The year of publication of the RCTs ranged from 1985

to 2013.
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Figure 4: PRISMA flow diagram for RCT review

Systematic Reviews Assessed

(n=20)
Full-text articles excluded, with
Y reasons (n = 60)*
RCTs assessed for eligibility - No Cox PH analysis conducted - 34
_ »| - Could not locate publication — 11
(n =166) - No methods reported -6
- Data unavailable to perform analysis — 4
- Not in English —2
- Abstract/Supplement — 2
1 - Unpublished work — 1
*Includes two full systematic reviews
RCTs included in review which were excluded, see details in Section
(n = 106) 3.3.1

For 56 out of 106 (53%) of the RCTs, the TTE outcome was overall survival and a further 14
RCTS (11%) reported results for a composite outcome such as a combined endpoint of fatal
stroke, fatal myocardial infarction, and other fatal cardiovascular disease. For the other
category, endpoints such as time-to-treatment failure, event-free survival and graft loss were

included. (Table 1)

Overall survival was consistently defined as time-to-death from any cause, and progression

free survival (PFS) was consistently defined as time to progression or death from any cause.
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Table 1: Survival Endpoints of Included RCTs

Survival Endpoints N (%)
Overall Survival 56 (53)
Composite outcome 14 (13)
Progression-free Survival 4 (4)
Time to event? 4(4)
Other? 28 (26)

Time to event! = time to first seizure, time to first diabetic event etc. Other?= time-to-treatment

failure, event-free survival, graft loss and risk of major events.

3.3.2 Statistical Methods

As shown in Table 2, the most common statistical method used for comparing treatment
groups was the Cox PH model, which was used in 68 out of 106 (64%) RCTs that had used an
analysis method that assumes PH. Around 31% of RCTs reported the log-rank test to compare
treatment groups and generate p-values. 101 (95%) RCTs reported univariate analyses, whilst

only five RCTs reported using multivariate analyses.
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Table 2: Statistical methods used across RCTs

Statistical methods used across RCTs n (%)
Cox PH 68 (64)
Log rank test 33(31)
Stratified Cox PH 5(5)

Presentation of HR

The Cox PH model including stratified Cox PH model was reported in 73 (69%) publications
as either a univariate or multivariable analysis. 57 out of 73 (78%) RCTs presented results
from the Cox PH models as HR and associated 95% Cls. Around 17 out of 106 (16%) RCTs
presented results as relative risk or relative risk reduction alongside a 95% confidence
interval and/or p-value. For seven out of 106 (7%) RCTs only the HR and p-value or only the

p-value was reported.

Assumption of PH

Testing of the PH assumption was only reported in 12 out of 106 (11%) RCTs that conducted
a survival analysis using Cox PH model and log-rank test. Graphical methods were the most
popular approach for assessing the PH assumption including log-cumulative hazard versus
log (time) plots, cumulative hazard versus time plots and Schoenfeld residual plots as seen in
777479 out of 12 (58%) RCTs as detailed in Table 3. Two of the publications used more than
one method to assess proportionality: K-M curves to visually assess the assumption followed
by using a more formal method: Schoenfeld residuals and another RCT used log-cumulative

hazard vs log(time) plots to visually assess the proportionality assumption followed by
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including a time-dependent covariate in the model. Three (25%) RCTs included time-
dependent covariates in the Cox PH model to investigate proportionality and two RCTs
mentioned they assessed the PH assumption but do not provide any details on methods used

for assessing the assumption.

Table 3: Methods used for assessing the PH assumption

Methods for assessing the PH n (%)
assumption
Use time-dependent covariate 3 (25)

Log-cumulative hazard vs log (time) plots 3 (25)

Log-cumulative hazard vs log (time) plots 1(8)

and time-dependent covariate

Cumulative hazard vs time plots 1(8)
Schoenfeld residuals 1(8)
K-M curves and Schoenfeld residuals 1(8)
No details given 2(17)

In terms of results, only five out of the 12 (42%) publications mentioned whether the PH
assumption was valid or not. Of these, three publications reported that the PH assumption
was considered reasonable, one publication mentioned that the PH assumption was not valid
so they reported the RMST difference in the paper, and one did not mention that they had
tested for proportionality but included a time-dependent covariate in the model and
mentioned that as p-value=0.54, there is no change in the results. The remaining seven RCTs

did not mention the results of the PH assumption checking.
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Changes over time

Figure 5 reports on whether the practice of assessing non-PH within RCTs has improved over

time.

Figure 5: Histogram of the assessment of the PH assumption over time in RCTs
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Figure 5 explains that the levels of reporting of the PH assumption have improved over time
reflecting signs of an association between time of publication and reporting standards.
However, as only 12 (11%) RCTs have assessed the PH assumption the numbers are very low

to draw any conclusions, but the numbers do suggest a positive trend.

Graphical display

Only 75 out of 106 (71%) RCTs reported survival curves in the publications. The method of
survival curve calculation across all publications was the K-M method, although this was not
always clearly stated. The patient numbers at risk were reported in 38 (36%) of the RCTs and
the number of events was reported in 8 out of 106 (7.5%) RCTS. All of the publications clearly

differentiated between treatments in the survival curves. For the majority of the K-M curves,
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the quality and visibility of the curves was clear, however there were a few publications that
had used relatively thick lines which made it difficult to distinguish points where treatments

had very similar survival probabilities.

3.4 CTU Survey results — analysis of TTE outcomes at the trial level

As of January 2018, there was 51 UKCRC registered CTUs in the UK. In total 31 (61%) CTUs
completed the survey over a five week period. A reminder email was sent out three weeks
after the initial email for any further responses. Table 4 shows the results from the first
question on the methods used by the CTU for analysing TTE outcomes. The majority of the
CTUs use the Cox PH regression, K-M method and log-rank test for analysing TTE outcomes.
Over 50% of CTUs said that they either sometimes or frequently used parametric PH models
and flexible parametric models for analyses. There were some other methods suggested by

CTUs but these were methods used by individual CTUs.
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Table 4:

Methods used for analysing TTE outcomes

What r.nethod do you use for the Frequently | Sometimes Never
analysis of TTE outcomes?

- Cox PH regression 28 (90.3%) 2 (6.5%) 1(3.2%)
- Kaplan-Meier method 25 (80.6%) 5(16.1%) 1(3.2%)
- Log-rank test 23 (74.2%) 7 (22.6%) 1(3.2%)
- Parametric PH model 4 (12.9%) 14 (45.2%) | 13 (41.9%)
- Accelerated Failure Time model 1(3.2%) 9 (29.0%) 21 (67.7%)
- Flexible parametric model 1(3.2%) 17 (54.8%) | 13 (41.9%)
Other: N (%)

Restricte.d Mean Survivfal Time (RMST) 2 (6.4%)

or Combined Test only if PH invalid

Cmoon;ZFting risks e.g. Fine and Gray 1(3.2%)

Frailty modelling 1(3.2%)

Multi-level PH model 1(3.2%)
Eime-dependent logistc morkel 1(3:2%

The results in Table 5 highlight that all CTUs did assess the PH assumption when using a
method that assumed PH, with majority using Schoenfeld residuals, K-M plots, log-
cumulative hazard plots and time-dependent covariates. The majority of the methods being

used by the CTUs are graphical approaches.
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Table 5: Methods used most commonly for assessing the PH assumption

Number of CTUs
If using a method that (%)
assumes PH which methods
are used most commonly to
assess the PH assumptio¥1 N/A ves
(a) Assumption not assessed 31 (100) 0(0)
(b) Schoenfeld residuals 3(9.7) | 28(90.3)
(c) Kaplan-Meier plots 11 (35.5) | 20(64.5)
(d) Lee and Pirie method 31 (100) 0(0)
(e) Log cumulative hazard 9(29.0) | 22(71.0)
(f) Time dependent covariates 12(38.7) | 19(61.3)
Other N (%)
Deviance residuals 1(3.2)
Kolmogorov-type supremum test 1(3.2)
(SAS test for PH assumption

The results in Table 6 are by number of responses rather than number of CTUs as in the
previous two questions, as some CTUs listed multiple alternative approaches for analysis.
Three CTUs reported that the method of analysis that assumes PH would still be used if the
PH assumption was invalid. The rest of the 28 CTUs suggested that alternative approaches
they would take for analysing the data, such as using time-dependent covariates in the
model, using flexible parametric models and using RMST. However, some of the CTUs along
with listing what they would do also mentioned that the approach used would also depend
on other factors including degree of non-proportionality, the importance of the outcome, if
the survival curves cross and if there is a total absence of valid interpretation. One CTU also
mentioned that they have never found PH to be invalid so not had to use an alternative

approach.
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Table 6: Methods used if the PH assumption is invalid

If the PH assumption is invalid, what approach would | Number of
you take for the analysis CTUs (%)

- Continue to use the method assuming PH 3(7.7)

- Use an alternative method that does not assume PH
(Please specify)*

Parametric models 2(5.1)

Include time-dependent covariates in model 14 (35.9)
Accelerated failure time model 2(5.1)

Flexible parametric model 6 (15.4)
Piecewise models 2 (5.1)

Restricted Mean Survival Time 5(12.8)
Shared frailty 1(2.6)

Test statistics 'using "Combined test" which combines Cox 1(2.6)

and permutation test based on RMST

Landmark analysis 2 (5.1)

Subgroup analyses 1(2.6)

*CTUs could select multiple responses

3.5 Discussion

This review highlights that although there is much better reporting of TTE outcomes in RCTs
compared to the 1990s when the first known review of TTE outcomes by Altman et a’° was
published, the reporting of the PH assumption is still a significant issue. The use of suitable
statistical methods are of key importance within evidence-based medicine, with huge

potential to impact decision making with inappropriate method use.

3.5.1 Summary of key findings and implications
This review considers 106 RCTs identified from 18 systematic reviews, published between
1985 and 2013. The most common disease areas included Cardiology, Neurology, Oncology

and Epilepsy.
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The most commonly used statistical method for comparing treatment groups that assumes
PH was the Cox PH model reported in 73 (69%) RCTs, followed by the log rank test reported
in 33 (31%) RCTs. Although both of these approaches rely on the validity of the PH
assumption, testing of this assumption was only reported in 12 out of 106 (11%) RCTs. There
was variation in the approach used with 7 (58%) RCTs using graphical methods, 3 (25%)
publications including time-dependent covariates in the Cox PH model and 2 (17%) RCTs not

providing any details on what method was used.

Only 75 out of 106 (71%) RCTs reported survival curves in the publications. An approach
suggested by Guyot et al?® demonstrates how the survival data can be reconstructed from
published Kaplan-Meier survival curves by digitising the curves and obtaining pseudo-IPD.
Although a reconstruction algorithm has been written as a R function by Guyot et al%,
extensions to this algorithm have been made by Wei et al®, which requires the published
survival-curves and the number of patients at risk reported in the trial publication. This
extension to the algorithm is more user-friendly and easy to use as explained in Chapter 5.
However, with only around 36% of RCTs reporting the number of patients at risk in this
review, there is very little scope for additional checks to be carried out if the necessary

information is not available within publications.

The CTU survey results also highlight that the Cox PH regression method is the most common
method for analysing TTE data, being used by over 90% of UKCRC registered CTUs. The results
also highlighted that more complex methods like parametric PH models and flexible
parametric models are also being used by more than 50% of CTUs. All of the CTUs mentioned
that they do assess the PH assumption when using a method that assumes PH. It is unclear
whether the CTUs mentioned this as they are telling me what they think | want to hear about
what the correct approach is whether this is what they are doing in practice. Unfortunately,
as the studies included in this review are only until 2013, and more recent publications are

not included it is difficult to know what CTUs are doing in practice.
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Similar to the IPD reviews, majority of the CTUs are also using graphical approaches for
assessing the PH assumption. Although, most of the CTUs suggested alternative methods
they would use to analyse TTE data if the PH assumption was invalid, many CTUs mentioned
that the approach used would also depend on other factors including degree of non-
proportionality, the importance of the outcome, if the survival curves cross and if there is a
total absence of valid interpretation. These comments suggest that even when the CTUs are
aware that the PH assumption is invalid, the decision to perform an alternative analysis is
dependent on other factors despite whether the results are biased and based on incorrect
assumptions. Three CTUs reported that they would use a method that assumes PH even if
the PH assumption was invalid. It remains unclear whether CTUs are performing this in
addition to using an alternative method not dependent on the PH assumption. Within CTUs,
clinicians usually prefer reporting the HR as it’s the most commonly reported effect measure
for TTE data. As previously mentioned in Section 2.1.8, in the presence of non-PH the
“average” HR could be reported but provided it’s clear that the effect is changing over time
in which case a time-dependent effect could be included in the model. This would be similar
to reporting a very heterogeneous meta-analysis where a pooled effect would be reported
but which needs to be interpreted with the heterogeneity statistics as well as exploring why

the effect is changing.

In summary, findings of this review again demonstrate the poor reporting of the PH
assumption despite previous recommendations®® 3! to encourage authors to improve the

reporting of the PH assumption in journal articles.

3.5.2 Strengths and limitations

Previous reviews3°3'3> have either included RCTs and observational studies or considered the

reporting of TTE data within Oncology and using specific journals. To my knowledge, this is

62



the first review to consider the reporting of Phase Il and 1ll RCTs where no journal or disease

area restriction has been made.

Due to time constraints, only a selection of systematic reviews were chosen at random from
which 106 RCTs were identified to be included in this review. Therefore, it is possible the rate

of PH assumption reporting may differ in a larger, or different, sample.

In this review, Phase IV RCTs were not considered as from a quick search it was clear that it
was difficult to identify Phase IV RCTs that met the inclusion/exclusion criteria. Therefore, it
is unlikely that by not including Phase IV studies in the inclusion criteria, there will be much

impact on the number of included studies.

3.5.3 Comparison to previous work

Chapter 1, Section 1.4.2 summarises the findings of previous reviews of TTE outcomes. It
should be noted that previous reviews have varied in characteristics, inclusion criteria and
objective, therefore all comparisons made between previous reviews and this review are
informal and narrative and results of each should be interpreted within the context and

objective of the review.

Results from this review are in agreement with previous work®> about the Cox PH model
being the most commonly used method for analysing TTE outcomes. The RCTs included in
this review included better quality of survival curves than seen in previous reviews with
Altman et al’° and Abraira et al** reporting the poor quality of survival curves. In Altman et
al*®, the included studies were research papers published between October and December
1991 and in Abraira et al’?, included studies that were published in 1991 compared to 2007.

Out of the 75 RCTs that presented survival curves, majority of them were of good quality
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suggesting that there has been considerable improvement in the quality of the survival

curves over time.

Similar to the results of this review, Batson et al*® highlight the poor reporting of the PH
assumption in 7% (2 out of 28) of RCTs, and Altman et al’’ reported that the PH assumption
was assessed in even fewer, only 5% (2 out of 132) of publications, whilst Abraira et al**
reports that in 1991 the PH assumption was assessed in 10.6% (5 out of 104) of publications
whereas in 2007 the PH assumption was assessed in 26.3% (47 out of 240) of publications.
The results illustrate that although the ‘assessment of model assumptions’ is a criteria
included in the suggested guidelines checklist published by Altman et al° in 1995 and then
also by Abraira et al’! in 2013, further work is still required to ensure authors are not only
assessing the PH assumption and mentioning it in the publication, but are also explaining
how they assessed the assumption and what the results were, and what appropriate action

was taken dependent on the results.

All previous reviews®3!3> have concluded that an improvement is needed in the level of
reporting of TTE outcomes in journal publications for RCTs. Many of the guidelines that are
available focus on the presentation of TTE outcomes but it seems until the impact of the PH
assumption violation is known and further recommendations can be made, we may see little

improvement in the reporting of the PH assumption over time.

3.5.4 Concluding remarks

The reporting of the PH assumption in RCTs is an area that has been mentioned in the past®°
3135 especially how poor the reporting of the PH assumption is but it seems no steps have

been taken to tackle the poor reporting. Further work to explore the reporting of the PH

assumption in STAs is included in Chapter 6 to allow us to further understand whether the
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reporting of the PH assumption is also an issue within cost-effectiveness analysis or whether

it only affects clinical effectiveness analysis.

A simulation study which helps understand the impact of the violation of the PH assumption

on results and conclusions is presented in Chapter 7.
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4 Review of the reporting of the Proportional Hazards

Assumption within Meta-Analyses

4.1 Introduction

Previous work has demonstrated that, although there are alternative methods available to
analyse TTE data that do not require the assumption of proportional hazards (such as AFT
Model or Flexible Parametric Model), trialists continue to use PH approaches such as the Cox

PH model due to its widespread use and to aid comparability with results from other trials.?

Meta-analysis of TTE data is usually performed using the HR from each study, and so the
implicit assumption of a constant HR over time, i.e. that the PH assumption is valid, is being
made. Where IPD is available, the PH assumption can be assessed using approaches such as
the Schoenfeld residuals. However, when only study level data is available, it is difficult to
assess the PH assumption. When the PH assumption is violated, both the results from the
study and meta-analyses will be biased®. It is currently unknown what impact including

studies, where the PH assumption is violated can have on meta-analysis.*®

Aggregate data meta-analyses make up the vast majority of the applied meta-analysis
literature. Previous work has indicated that up to the year 2004, less than 10% of published

meta-analyses per year used IPD (in fact, for most years the figure was less than 5%).%!

To my knowledge, there have not been any reviews conducted on the reporting of the PH
assumption within meta-analyses. The reporting of the PH assumption continues to be a
problem within publications of randomised trials as seen in Chapter 3, never mind within
meta-analysis. Simmonds et al*® explained in 2011 that “a greater awareness of the
proportionality assumptions of the analysis methods is needed in meta-analyses, and
investigation and testing of proportional hazards or odds assumptions should be a standard

part of meta-analyses if interpretation of the findings is to be appropriate.”
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Therefore, the objectives of this chapter are to (i) review the reporting of analyses of TTE
outcomes within systematic reviews; and (ii) to assess the reporting of the PH assumption
within systematic reviews. It is also of interest to review whether the practice of assessing

non-PH within reviews has improved over time or not.

4.2 Methods of the review

4.2.1 Systematic search

In order to identify all eligible systematic reviews, a systematic search of the following

databases was carried out (see Appendix 4 for the search strategy):

e Cochrane Database of Systematic Reviews
e Database of Abstracts of Reviews of Effects
e  MEDLINE (via Ovid)

e MEDLINE In-Process (via Ovid)

e EMBASE (via Ovid)

e PubMed

The first two databases form part of the Cochrane Library®2.

4.2.2 Eligibility Criteria

The eligibility criteria has been applied at the review level rather than RCT level. Therefore,

the methodology used within the review and the data included within the review was used
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to decide if the review was included or not rather than the individual RCTs included in the

review.

4.2.2.1 Inclusion Criteria

e Systematic reviews including meta-analyses of RCTs of adults and/or children of all
parallel designs (e.g. superiority, non-inferiority, equivalence etc.) reported in a full-
text journal article or Cochrane database.

e Systematic review includes RCTs that are phase II/I1l studies

e Systematic review includes a meta-analysis of TTE outcome data that has been
analysed using methods assuming PH including Cox PH model and log-rank test

e Systematic reviews published between 2005 and 2015 in order to capture the most

recent methods and allow the review to be manageable

4.2.2.2 Exclusion Criteria

e Systematic review includes non-randomised, observational or cohort studies or
report such as letters, reviews, editorials, comments on journal articles etc.

e Systematic reviews of prognostic factors

e Systematic review includes TTE data that has not been analysed using methods that
assume PH

e No TTE analysis conducted

e Systematic reviews where TTE data is treated dichotomously so risk ratios (RR) or OR
were reported rather than HR being reported.

e Narrative systematic reviews (those without any included meta-analysis).

e Provisional/conference abstract.
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e No comparative treatments analysed (single treatment group)
e Full-text not originally published in English to allow for an assessment of outcome

and statistical reporting by English speaking reviewers.

It is important to note that provided a review included TTE data and used methods that
assume PH to analyse the data, then it was included in the review regardless of whether

some RCTs used methods that assume PH and some used methods that do not assume PH.

4.2.3 Screening of studies

All studies identified in the systematic search of the electronic databases were screened for
eligibility. To begin with, the title and abstract was screened followed by full-text screening.
If a full-text manuscript of an abstract could not be found, it was first requested from the
library and where that was not possible or the article was not available, the abstract was
excluded. Any uncertainty over inclusion/exclusion of studies was discussed with CTS and a
decision was made whether to include the review or not. No references were excluded during

the screening of the title and abstract.

4.2.4 Data Extraction

Data extraction was performed using a database created in Microsoft Excel (included in

Appendix 5). The content of the database was based on guidelines for the reporting of

I30 I31

survival outcomes and analyses in Altman et al’’ and Abraira et aF*. The first version of the
database was piloted using a few systematic reviews to ensure sufficient data was being

captured to allow us to understand what the authors have done and what the results are.
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Data extraction was performed on all studies by AK. The first stage of data extraction was
performed on all eligible studies identified in the search. At this stage the definition of the
outcome was noted and whether more than one TTE outcome was included in the review.
Due to time constraints and high numbers of included reviews only one outcome per review
was included. The preference was to use the primary TTE outcome unless there was no
primary TTE outcome in which case a secondary TTE outcome was included. If multiple

secondary outcomes were specified then the first listed TTE outcome was included.

Once details concerning the definition of the outcome had been extracted, the next stage

was to extract information on the following:

e Review title and date of publication

e Name of journal

e C(linical Area

e Details on time to event outcome: primary or secondary outcome; what the outcome
is and the number of TTE outcomes included

e Number of included studies in systematic review

e Number of patients included in systematic review

e Whether IPD or aggregate data used or both

e Method of meta-analysis of TTE outcome: whether one- or two-stage method,
inverse-variance weighting or DerSimonian and Laird random effects model etc.

e Additional details provided on method of analysis

e Graphical plots such as K-M plot presented

e  Whether K-M plot presented for pooled data or individual studies

e Number at risk if K-M plot presented

e Whether PH assumption was assessed in the systematic review

e Method used to assess the PH assumption in the systematic review
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e Result of PH assumption
e If PH assumption was not valid was an alternative method used instead. If so, what

method was used.

4.2.5 Data Analysis and presentation of results

Numerical results are presented as numbers and percentages and medians with the

minimum and maximum, where specified. No formal statistical analyses were conducted.

For the purposes of reporting results and as the method used for PH assumption checking
can vary according to the type of data included in a systematic review, each of the systematic
reviews were classified according to the type of data used for analysis: (i) systematic reviews
of aggregate data, (ii) systematic reviews of IPD and (iii) systematic reviews involving both
aggregate data and IPD. For aggregate data meta-analyses, the systematic reviews were
categorised according to the method of meta-analysis used: the inverse-variance weighted
method?® (fixed effect), a Mantel-Haenszel method?: (fixed effect) or DerSimonian and Laird
method?! (random effect) (further details are given in Chapter 2, Section 2.2.1). For the IPD
meta-analysis, two distinct statistical approaches were considered, whether the data had
been analysed using a one-stage or a two-stage method (see Chapter 2, Section 2.2.2 for
further details). For reviews involving both IPD and aggregate data, the following statistical
approaches were considered, whether a one-stage or two-stage method was used for
analysing IPD followed by whether a fixed or random effects statistical model as listed under
aggregate data was used for pooling the IPD and aggregate data together (see Chapter 2,

Section 0 and 2.2.3 for further details on these methods).

However, some systematic reviews did not include sufficient details to understand which

method had been used, with mainly details on whether a fixed effects or random effects
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model had been used not being specified. Therefore, in these cases the method of analysis

has been reported as unclear.

4.3 Results

4.3.1 Search strategy for Systematic reviews

The electronic search to identify the systematic reviews outlined in Section 4.2.1, identified
a total of 1710 references, which were downloaded into Endnote software. After removing
819 duplicate reviews, the inclusion and exclusion criteria was applied to the remaining 891
references. At this stage, 257 conference abstracts were excluded, although every effort was
made to find the full-text articles they were linked to. A further 511 full-text articles were
excluded (for reasons such as the included studies being cohort/observational studies, no
meta-analysis being conducted and no HR being reported) resulting in 123 full-text

systematic reviews being eligible for inclusion in the review.
Some rapid review approaches were used when performing this review including:

e Search limit: limited by date and language
e Screening: title/abstract and full-text screening performed by one reviewer only

e Data extraction: one person extracted the data

The PRISMA diagram in Figure 6 describes the screening process, including reasons for
exclusion at each screening stage. See Appendix 6 for a reference list of the 123 included

reviews.
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Figure 6: PRISMA flow diagram for Systematic reviews
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Protocol for Review — 14
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Abstract — 10
Systematic reviews included Other* -56
in review
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HR=Hazard Ratio; RCT=Randomised Controlled Trial

*QOther = Reasons include methodology papers, reviews of cost-effectiveness analysis, review of phase IV study,
dose response study, multi-arm trials and systematic reviews of network meta-analysis (NMA), diagnostic test

accuracy (DTA) and overview of reviews.

Data extraction on the assessment of the PH assumption was not always straightforward. In
some cases, a simple search for ‘proportional’ or ‘PH’ was sufficient but in some cases manual
reading was necessary. For some reviews it was only stated in the methods section that the

assumption was assessed but no results from assumption checking were provided so in these
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situations it was necessary to manually read the results and discussion section to see if any

results or information were provided.

4.3.2 Study and participant characteristics

The study and participant characteristics are presented in Table 7. The 123 eligible reviews
were published between January 2005 and August 2015 and included 956 studies. OS was
the most common outcome with 46% of reviews including it as an outcome. The majority of
the systematic reviews had included studies in the two major disease areas, Oncology (48%)
and Cardiology (22%). 22% (27 out of 123) of the reviews were published in the Cochrane
database of systematic reviews. The number of studies included in the systematic reviews

ranged between 2 and 53.
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Table 7: Study and participant characteristics

Characteristics of Included Number of reviews
reviews (% of 123 reviews)

Clinical Area
Oncology 59 (48)
Cardiovascular 27 (22)
Epilepsy 5(4)
Chronic obstructive pulmonary 4 (3)
disease
Surgery 4 (3)
Other! 24 (20)
Review Outcome
Overall Survival 56 (46)
Time to first event 17 (14)
Composite of death 7 (6)
Progression-free survival 6 (5)
Disease-free survival 4 (3)
Time to withdrawal 4 (3)
Other? 29 (24)
Review Type
Cochrane Review 27 (22)
Journal 96 (78)
Publication Year
2005-2008 33(27)
2009-2012 50 (41)
2013-2015 40 (32)
Number of included studies
Median (Min, Max) | 5(2,53)

Other! = Reasons include Arthritis, Diabetes, Fractures, Stroke, Outpatient Care and Depression. Other? = Reasons include Major
adverse cardiac events (MACE), duration of hospital stay, event-free survival, risk of event, time to treatment failure and time-

to-treatment progression.
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4.3.3 Results from the Systematic reviews

Of the 123 reviews that fulfilled the inclusion criteria, 35 reviews (28%) included only
aggregate data, 81 (66%) included IPD and 7 (6%) included both IPD and aggregate data. Four
(3%) reviews included studies with IPD and aggregate data but for analyses purposes only
used the IPD and ignored the aggregate data. For reporting we included these four studies in

the IPD category.

All of the systematic reviews included in this review had either analysed the data using Cox
PH regression (as they had IPD (88 (72%) reviews) or extracted results from a RCT that had
analysed data using a Cox regression model (35 (28%) reviews). As specified by the inclusion
criteria of this review, all of the included reviews had summarised the treatment effect across
studies using a pooled HR and therefore had made the implicit assumption, that the HR is
constant over time. However, only 27% (33 out of 123 reviews) examined whether this was
a reasonable assumption to make. A few examples of how authors assessed the assumptions
include “The assumption of proportional hazards was explored graphically and by carrying
out a test for proportionality of the interaction between variables included in the model and
the logarithm of time.” and “The appropriateness of the proportional hazards assumption
was evaluated visually using Kaplan—Meier plots of the survival curves for each treatment.”
None of the remaining 90 reviews mentioned the assumption in the systematic review.
Further details on the methods used for assessing the PH assumption are given by data type

in Table 9.
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Changes over time

Figure 7 reports on whether the practice of assessing non-PH at the review level has

improved over time or not.

Figure 7: Histogram of the assessment of the PH assumption over time in Systematic

Reviews
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Figure 7 highlights that the levels of reporting of the PH assumption have not improved over
the past decade with only around 25-30% of reviews reporting the PH assumption in
systematic reviews and this remaining fairly constant. Prior to 2005 the Altman et al* review
had mentioned the poor reporting of the PH assumption and subsequently included a set of
“minimum requirements” for reporting TTE outcomes which includes “When Cox regression
analyses are performed, describe the criteria used to select the variables in the initial model,
the procedure to specify the final model and describe any methods used to assess the model
assumptions.” In 2013, Abraira et al’*! also found the reporting of the PH assumption to be
poor and therefore updated the set of “minimum requirements” outlined by Altman et al*®
which state “When using regression models, report the method used and results of model

assumptions checking (e.g., the proportional hazards assumption in Cox models or
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distributional form in parametric models).” There has been a publication focused on how to
assess the PH assumption within TTE outcomes and in particular within meta-analysis in
Williamson et al*2 in 2002 and then in 2011 Simmonds et al** concluded with the help of a
simulation study that the PH methods will be biased when the hazards are not proportional
and that investigation and testing of the PH assumption should be a standard part of meta-
analyses if interpretation of the findings is to be appropriate. Since 2015 there have been a
few more publications on the reporting of the PH assumption as seen in Batson et al®** in 2016
as well as what to do if the PH assumption is invalid as seen in De Jong et al*? in 2020. Figure
6 shows that even though there has been a few publications highlighting the poor reporting
of the PH assumption as well as publications that show how to assess the PH assumption,

there hasn’t been a surge in review authors reviewing the assumption over the years.

Currently there is no mention of how to assess the PH assumption at the review level or
details on what to do if the PH assumption in invalid in the Cochrane Handbook®. The NICE
have a technical support document (TSD) on survival analysis® which was published in
20112, In the document, they focus on TTE modelling methods at the trial level with a strong
focus on the PH assumption. The document includes details on how to assess the PH
assumption and alternative methods that can be used if the assumption does not hold. An
updated TSD was published in 2020%* focusing mainly on methods not dependent on the PH

assumption. Further details on these documents are included in Chapter 6, Section 6.1.1.
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4.3.4 Statistical Methods used within the Systematic Reviews

Table 8: Statistical approach used for estimating the pooled relative HR according to the data

type used for meta-analysis

Statistical Approach Number of
reviews (%)

Aggregate Data 35

DerSimonian and Laird 21 (60)

Mantel-Haenszel 6(17)

Inverse-Variance Weighting 3(9)

Mantel-Haenszel/Inverse-Variance Weighting 4(11)

Unclear 1(3)

Individual Patient Data 81

One-stage method 20

- one-stage cox model stratified by trial 8 (40)

- one-stage cox model stratified by covariate 10 (50)

- one-stage cox model (unclear if stratified by trial or 2 (10)

trial indicator)

Two-stage method 61

- cox PH model fitted to each trial seperately followed 19 (31)

by pooling trial results (two stage) using a fixed effect

approach

- cox PH model fitted to each trial seperately followed
by pooling trial results (two stage) using a DerSimonian

and Laird random effect approach >(®)
- cox PH model fitted to each trial seperately followed 37 (61)
by pooling trial results (two stage) but unclear if used

fixed or random effects model

Individual Patient Data & Aggregate Data 7

- cox PH model fitted to each IPD trial separately 3 (43)
followed by pooling IPD and aggregate data using a

DerSimonian and Laird random effect approach

- cox PH model fitted to each IPD trial separately 1(14)
followed by pooling IPD and aggregate data using an IV

weighting fixed effect approach

- one-stage cox model stratified by trial followed by 2 (29)
pooling IPD pooled effect and aggregate data using a

DerSimonian and Laird random effect approach

- one-stage cox model stratified by trial followed by 1(14)

pooling IPD pooled effect and aggregate data but
unclear if used fixed or random effects model
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4.3.4.1 Aggregate Data

Methods used to analyse data

Table 8 highlights that for the 35 systematic reviews that included only aggregate data the
most common statistical approach used for the meta-analysis (second stage) was the
DerSimonian and Laird (random effects) method being used in 60% (21 out of 35 reviews) of

reviews, whilst 13 of the reviews (37%) used fixed effects methods.

PH assumption checking

None of the systematic reviews that were based on aggregate data mentioned the

assessment of PH of the included trials or at the review level.

4.3.4.2 IPD

Methods used to analyse data

Table 8 reports that for the 81 systematic reviews that included IPD, 75% (61 out of 81) of
reviews used a two-stage approach and 20 (25%) of reviews used a one-stage approach. For
the two-stage approach, 19 of the reviews (31%) used a cox PH model fitted to each trial
separately followed by pooling trial results (two stage) using a fixed effects model (either a
Mantel Haenszel approach or inverse-variance weighting approach) whilst five (8%) reviews
used a DerSimonian and Laird random effects approach to pool the trial results. For 37 (61%)
reviews, it was unclear whether a fixed effects or random effects model had been used for
pooling the results. For the one-stage approach, eight (40%) of reviews used a one-stage cox
model stratified by study, whilst 10 (50%) used a one-stage cox model stratified by trial
indicators. These results seem to be in line with reviews of methods used to perform IPD

meta-analysis in current practice published by Simmonds et al in 20057 and more recently

80



in 2015%, where 76% of reviews with TTE data used two-stage methods. It is likely that two-
stage methods are used more often than one-stage as one-stage analyses of TTE data are

less well developed and little software is available*! %2,

PH assumption checking

Table 9 highlights the methods used for assessing the PH assumption in the systematic
reviews including IPD. Testing of the PH assumption was reported in 30 out of 81 (37%) IPD
reviews. The remaining 51 (63%) reviews did not mention assessing the PH assumption. 10
out of 30 (33%) reviews assessing the PH assumption used two methods for assumption
checking, with a graphical method being used such as Kaplan-Meier plots or log-cumulative
hazard plots to visually assess the assumption followed by a formal assessment of the
assumption such as including time-varying covariates. The most common approach was
assessing the PH assumption using time-varying covariates as seen in seven (23%) reviews.
The CTU survey also highlighted that around 60% of CTUs used time-varying covariates to
assess the assumption. Similarly, Schoenfeld residuals was another popular approach in the
CTU survey for assessing the PH assumption but only used within four (13%) reviews. In three
of the reviews, the review authors only visually examined the Kaplan-Meier plots to assess
the validity of the assumption. Since visually examining plots is a subjective approach for
assessing the assumption, there is no guarantee that it is accurate as it is wholly dependent
on the quality of the curves. For five (17%) of the IPD reviews, no details were given on the
method used for assessing the method used other than stating that the assumption was
assessed. Itisimportant to note that 28 out of the 30 (93%) reviews explored the assumption
in each individual trial separately. For two of the reviews, the authors mentioned that for one
of the studies the PH assumption was not met. One of the reviews did not elaborate any
further whilst the other review stated that overall the PH assumption was met. This review

|22

is in agreement with Williamson et al** who also suggested that if the PH assumption is valid
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for one particular study then it is expected that the assumption will be valid for all studies.
Another two reviews did not provide any detail on assumption checking in order to

understand how they tested the assumption for the meta-analysis.

Table 9: Methods used to assess the PH assumption in the Systematic reviews with IPD

Number of reviews | Number of reviews

Method for assessing PH assumption (%) that presented
results (%)

Time-varying covariates 7 (23) 4 (57)
Log-f:umulatl\(e hazard plot & time- 5 (17) 4 (80)
varying covariates
Schoenfeld residuals 4 (13) 3(75)
Time-varying covariates & Kaplan-Meier 3 (10) 1(33)
curves
Examining Kaplan-Meier curves 3(10) 1(33)
Tlme—varylng covariates & Schoenfeld 1(3) 0(0)
residuals
Log-cumulative hazard plot &
Schoenfeld residuals 1(3) 1(100)
Kolmogorov-type supremum test 1(3) 1 (100)
Unclear 5(17) 2 (40)

The conclusion from the assessment of PH assumption was only reported in 57% (17 out of
30) of the reviews that mentioned exploring it. In 13 (76%) of these reviews, the PH
assumption was reported to be valid, two reviews reported the assumption was invalid and
alternative methods including a piecewise cox regression model and a log-rank test were
used for analysis. It is unclear why a log-rank test was used as an alternative method given
that a log-rank test is also dependent on the PH assumption. For two of the systematic
reviews, the authors explained that the PH assumption is valid for the majority of the
included RCTs but is invalid for one of the RCTs, but do not assess whether the PH assumption
is still valid when the data from the individual studies are pooled together and re-analysed.

Itis unclear whether the assessment of the PH assumption was not reported in the remaining
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14 reviews as it was valid, but the review authors didn’t think it was important to report in
the publication or whether it was invalid but the review authors ignored the assumption or
whether the methodology to investigate the assumption was reported but the review

authors didn’t assess the assumption.

4.3.4.3 IPD and Aggregate data

Methods used to analyse data

For systematic reviews including RCTs with IPD and aggregate data in the analysis, 71% (5 out
of 7) of reviews used a cox PH model fitted to each trial separately followed by pooling IPD
and aggregate data using a DerSimonian and Laird random effect approach. Only one review

used the inverse variance weighting fixed effect approach.

PH assumption checking

The PH assumption was assessed in three out of seven (43%) of the systematic reviews®88

with no mention of the PH assumption in the remaining four (57%) reviews. One of the
reviews used a log-cumulative hazard plot to visually assess the assumption, whilst another
review used a gamma-frailty model to test departures from assumption. One of the reviews
first used a log-cumulative hazard plot to visually assess the assumption before using time-
varying covariates to formally test the assumption. The results from assessing the PH
assumption were reported in two of the reviews with both reporting that the assumption

was valid.
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4.4 Discussion

This chapter systematically examined systematic reviews of TTE outcomes in relation to the

reporting of the PH assumption within meta-analyses.

4.4.1 Summary of key results and implications

This review identified 123 systematic reviews with 956 RCTs included, published between
2005 and 2015, in a range of medical journals and the Cochrane database of systematic
reviews. The two most common disease areas for the systematic reviews were Oncology
(48%) and Cardiology (22%). Seven composite outcomes were identified compared to 116
non-composite outcomes. No patterns were identified in the assessment of the PH

assumption in terms of type of outcomes explored.

All of the systematic reviews included in this review analysed the data using Cox PH
regression or obtained results from a RCT that conducted analysis using Cox regression. 73%
(90 out of 123) of systematic reviews failed to adequately describe methods and results of
appropriate approaches to assess the validity of the PH assumption. The results showed that
the practice of assessing the PH assumption at the review level has not improved over time.
Currently, the Cochrane Handbook® doesn’t include any recommendations on how to assess
the PH assumption at the review level or on what to do if the PH assumption is invalid. NICE?’
published a TSD®% in 2011 which includes some details on how to assess the PH assumption
and methods that can be used if the assumption is invalid on an individual trial level. An
updated TSD was published in 20208 which focuses on methods not dependent on the PH
assumption. However, it is unclear whether these TSDs are being used only within Evidence
Review Groups (ERG) or whether these documents are being used widely. Another approach
which can be used to assess the PH assumption is digitisation of published K-M curves to

obtain reconstructed pseudo-IPD which can then be used to perform TTE analysis and to
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assess the PH assumption. This approach has been used at the trial level since 2012, however
there hasn’t been widespread use of this approach at the review level so far. In order to
perform the digitisation approach at the review level, the trial level K-M curves would need
to be digitised as part of the data extraction process. Current research conducted on how to
assess the PH assumption suggests that there isn’t any clear recommendations on how to

assess the PH assumption at the review level.

For aggregate data meta-analysis, 35 reviews were identified with 60% of reviews using the
DerSimonian and Laird method to estimate the treatment effect. None of the reviews

reported assessing the PH assumption.

The number of IPD meta-analyses is growing steadily®® 8 % with 66% (81 out of 123) of
systematic reviews included in our inclusion criteria using IPD. Since meta-analyses of TTE
data are challenging if based on published summary data®* it is not surprising to find that
more IPD analyses were conducted in the published literature. For IPD meta-analyses, two-
stage methods were used in 75% of reviews. These results are in agreement with current
practice as reported by Simmonds et al in 20057* where two-thirds of the reviews used two-
stage methods and more recently in 2015% where 76% of reviews used two-stage methods.
The Simmonds et al® review published in 2015 included reviews published between 2008
and end of 2014, so there is overlap between the Simmonds et al®® review and this review
which includes systematic reviews published between 2005 and 2015. The biggest difference
is that the Simmonds et al®® review includes any IPD meta-analysis review whilst this review

only includes systematic reviews including TTE data.

Testing of the PH assumption was reported in 37% (30 out of 81) of reviews, with seven (23%)
reviews using the time-varying covariate method for assessing proportionality. 33% of
reviews reported using a graphical method to visually assess the assumption followed by a

statistical method for formally assessing the assumption. Graphical methods are subjective
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so using statistical methods to test proportionality are recommended®?:. The results from
testing the PH assumption were reported in 57% (17 out of 30) of reviews, with the
assumption being valid in 13 (76%) reviews and for two reviews where the assumption did

not hold, the review authors used alternative methods.

For reviews with IPD and aggregate data, 6% (7 out of 123) of systematic reviews were
identified and the PH assumption was reported in 43% (3 out of 7) of reviews with results

being reported for 2 of the reviews.

The results for meta-analyses using IPD, aggregate data and a mix of IPD and aggregate data
demonstrate that with access to IPD further analyses and assessments can be carried out
which is not possible with summary data. However, there are methods that can be used to
investigate the PH assumption using aggregate data as shown by Williamson et al*2, where
the log-cumulative hazard plot using survival probabilities can be read off K-M curves, which
seems like a simple but effective approach for assumption checking. None of the included
reviews used this approach. Although, the method itself is not tricky to use, the quality and
clarity of the K-M graph are key to the success of this approach as if curves are too close
together or if there is a lot of censoring then reading the survival probabilities accurately can

|22

be difficult. Williamson et al** suggest that they do not feel the method is particularly useful

and could lead to incorrect interpretations.

In summary, findings of this review demonstrate the poor reporting of the PH assumption at
the review level. To date there has been no recommendations published on how to assess
the PH assumption within meta-analyses as well as what alternative methods can be used
when PH is invalid. It is also unknown what impact the PH assumption violation can have on
meta-analysis which needs to be further investigated by conducting simulation studies as

|35

suggested by Batson et al*>. Such simulation studies are presented in Chapter 7. An IPD meta-

analysis of TTE data was conducted in 2011 by Simmonds et al** as described in Section 1.4.2
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where they concluded that that PH methods “will be biased when the hazards are not
proportional..A greater awareness of the proportionality assumptions of the analysis
methods is needed in meta-analyses, and investigation and testing of proportional hazards
or odds assumptions should be a standard part of meta-analyses if interpretation of the

findings is to be appropriate.”

This review also highlighted that it is unclear whether review authors are aware of methods
for assessing the PH assumption and choose to ignore the assumption as they do not think
violation of the assumption could impact the results or whether authors genuinely do not
know how to check the assumption. Hence, further work is needed to understand the impact
of the violated of the assumption and also understanding why review authors do not assess

the assumption.

4.4.2 Strengths and limitations
To my knowledge, this is the first systematic review of reviews of TTE outcomes to consider
the reporting of TTE outcomes in terms of the potential implications for meta-analysis and in

particular assessing the reporting of the PH assumption.

Due to time constraints, only multiple electronic databases were searched but did not
perform any hand searching of grey literature which is a potential limitation, so might have
missed a relevant review however as an extensive search was carried out, it is unlikely it will
impact the number of included studies to a great extent. Also only full-text reviews published
in English were included due to time constraints, however it is unlikely that this would have

impacted the included studies.

A further limitation of this review has been using some rapid review approaches such as
screening and data extraction only being performed by myself. Although, the screening and

data extraction have been double checked by myself, there is no guarantee to say that there
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are no errors. However, due to time constraints it was important to use some rapid review

approaches.

4.4.3 Concluding remarks

In conclusion, in line with all previous work conducted in this area, the current systematic
review has shown concerning reporting inadequacies relating to the reporting of the PH
assumption. Current research suggests that there aren’t any published recommendations on
how to assess the PH assumption at the review level and this could be the reason why
reviewers are not reporting the PH assumption results as it may be that they are not assessing
the assumption. This confirms that further work is necessary on recommendations on
assessing the PH assumption at the review level which could be shared with experts in the
field and developed more formally into a guidance document as carried out by Gamble et al*?
for the statistical analysis plan guidance. Additionally, future work can also entail
interviewing reviewers to find out why they didn’t assess the methods to find out if it is due
to lack of awareness of the methods in which case a guidance document would be the correct

approach to take in tackling this.

Simmonds et al*® mentioned that the PH methods can be biased if hazards are not
proportional in 2011, however it is unclear how much notice has been taken given the level
of assumption checking being performed. The results of this review are sufficient to confirm
that further work is necessary to understand the impact of the PH assumption violation on
RCTs and meta-analyses. This further work will allow us to identify whether further guidance
is needed on why the PH assumption needs to be checked and what to do when the

assumption of PH is invalid.
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5 Digitising K-M curves

5.1 Previous work

Parmar et al**

introduced an approach for extracting information from published K-M curves
to approximate the log HR and variance from individual studies to enable the study to
contribute to meta-analysis. This approach was then extended in 2002 by Williamson et al??
to include patient numbers at risk in the approximation of the log HR and variance. Later in
2007, Tierney et al*® presented a summary paper describing these approaches to a clinical
audience including what to do if published K-M curves are available. These earlier approaches
focus on manual extraction of data from published curves but a more efficient and accurate
approach is to reconstruct approximate IPD from published curves using specific software as
suggested by Guyot et al?® in 2012. Guyot et al?® explained that in the earlier work survival
probabilities were extracted from published curves or the text to approximate aggregate
data, but not all of the reported information was being used to identify the censoring pattern.
The authors mention that in order to obtain consistent results and use all of the available
published information they used “iterative numerical methods to solve the inverted K-M

729

equations”?. Guyot et al?® describe how they use digital software such as Digitiselt

(http://www.digitizeit.de/) to read in x and y coordinates of the K-M curves from the

published graphs as well as using information on patients number at risk which is often
published under the x-axis of the K-M graph to reconstruct the K-M data for each arm. If data
on number of events is available then this can also be included in order to obtain even more
accurate pseudo IPD. The paper primarily focused on the reproducibility and accuracy of the
reconstructed statistics (see Section 2.1.3.7), by comparing the summary measures reported
in the original publications to the ones obtained by the analysis of the reconstructed K-M

data on six sets of K-M curves reconstructed by three observers each repeated twice. The
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reproducibility and accuracy of reconstructed results was excellent for median survival and
probability of survival. However, the accuracy and reproducibility wasn’t as good for HRs due
to the following reasons: the HR is a weighted average of ratios along the entire risk period
so the algorithm needs to make assumptions about the level of censoring within each
segment and these assumptions have an impact on the relative weighting of different
sections of the curve. The results for an example presented in the paper are as follows: the
original publication presented the survival rate at year one to be 55, the median duration to
be 14.9 and the HR (95% Cl) to be 0.68 (0.52, 0.89). The reconstructed results were 56.1 for
survival rate at year one, 14.9 for the median duration and 0.73 (0.57, 0.94) for the HR (95%

Cl). The results reflect the level of accuracy and reproducibility that is present.

In 2017, Wei and Royston published a paper® in the Stata journal on how to reconstruct TTE
data from published K-M curves using Stata commands. This algorithm was based on Guyot

et al?®

as an R function but with further improvements such as being able to use survival
probabilities, survival percentages, failure probabilities or percentages as data input. The
authors describe that once the data is extracted using software such as Digitiselt, the Stata

package ipdfc® can be used for fitting the Cox PH model and for assessing the PH assumption

or even for performing secondary or alternative analyses such as RMST.

More recently, in 2016 and 2018 there has been published research where reconstructed TTE
data has been used for performing analyses and for assessing the PH assumption. In 2016,
Trinquart et al*® used this approach on 54 trials in total and found evidence of non-
proportionality in 18 (33%) trials. More recently in 2018, Liang et al*® also reported using
published K-M curves alongside numbers at risk and total number of events if available to
reconstruct pseudo IPD for each arm. The authors found evidence of non-proportionality in
seven (28%) out of 25 trials. The authors found that the published HRs and the HRs based on
reconstructed data were very close to each other. These two are only a few of the published

papers that are using this reconstruction technique to reanalyse the data and assess the PH
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assumption and ultimately perform alternative analyses. To my knowledge, this
reconstruction technique has not been applied or recommended to be used to investigate

the assumption of PH in the context of meta-analysis.

The aim of this chapter is to describe how the reconstruction technique is applied with results
provided from digitising K-M curves from Chapter 4 to investigate non-PH in the meta-
analysis setting. Later in this chapter, three examples are provided on digitising K-M curves

to investigate non-PH in individual trials and within meta-analyses.

5.2 How to digitise K-M curves

The following steps are taken for extracting the data from published K-M curves:

1. Ensure that the survival data is in the correct format i.e. if presented as failure
probabilities or failure percentages etc then these measures should be transformed
arithmetically into survival probabilities.

2. The Digitizelt (http://www.digitizeit.de/) software is used to extract data from

graphical images of the published K-M curves which is achieved by clicking on
individual points of the curve using a mouse, which are recorded as x and y values by
the software. If possible the number of patients at risk for each arm should also be
extracted, as the accuracy of the approximated TTE data can be improved by
including this information®.

3. The x and y values should then be saved as CSV files, one for each treatment group
curve. The extracted data and the number at risk data which is normally included
below the K-M plot should then be saved in a text file and imported into Stata. The
text file should contain the data extracted from the x axis and y axis of each curve so

time and survival as well as time and number at risk from the risk table.
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4. Once the data is extracted, the Stata® package, ipdfc® is used for fitting the Cox PH
model to the reconstructed data using the stcox command and then the PH
assumption is tested using Schoenfeld residuals using the estat phtest command in
Stata. The Stata package, ipdfc is based on the reconstruction algorithm which was
written by Guyot et al*® which is available in R’°. Using the reconstruction approach,

the PH assumption can be assessed even when only K-M curves are available.

5.3 Digitising K-M curves to investigate non-PH in individual trials: A

worked example

For example 1 the following trial was used “A phase 3 trial of Bevacizumab in Ovarian Cancer”
by Perren et al’, published in 2011. This trial is the ICON7 trial which is a two arm RCT in
advanced ovarian cancer. In total 1528 women were randomized to receive standard
chemotherapy plus bevacizumab therapy or standard chemotherapy alone. The main
outcomes of interest include PFS and OS. The total number of events for PFS included 464
for standard chemotherapy alone and 470 for standard chemotherapy plus bevacizumab
therapy. Perren et al” concluded that standard chemotherapy plus bevacizumab therapy
improves PFS compared to receiving standard chemotherapy alone. The authors found

evidence of non-PH, so presented RMST estimates as an alternative analysis.
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Figure 8: Published K-M plot for Example 1
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Figure 8 was uploaded into the Digitiselt software and then the x and y values were extracted
by clicking on individual points on the curve as seen in Figure 9. The right hand side of Figure

9 shows the x and y values that were extracted that are then saved as CSV files.

Figure 9: Screenshot of Digitiselt software for Example 1
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The extracted data and the number at risk data which is included below the K-M plot were
then saved in a text file and imported into Stata. The text file contained the data extracted
from the x axis and y axis of each curve so time and survival as well as time and number at

risk from the risk table. The reconstructed K-M plot can be seen in Figure 10.

Figure 10: Reconstructed K-M plot for Example 1
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A cox PH model was fitted in Stata using the stcox command. The reconstructed HR (95% Cl)
is0.82 (0.71t0 0.95), p=0.010 which was very similar to the results obtained from the original
trial, 0.81 (0.70 to 0.94), p=0.004. There are slight differences present between the p-value
from the reconstructed data compared to the original data, even though the differences are
very small and the conclusions are unaltered based on the p-value. Potential reason why the
p-value is more sensitive than the HR and Cl is due to the assumptions around censoring. The
reconstructed data is not the same as the original data but gives very similar KM-curves,
however there are assumptions about where censoring occurs which could affect the p-value.
From all the validation work that was carried out in the Guyot et al*® paper, no validation of

p-values was carried out.
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The PH assumption was tested using the Schoenfeld residuals approach with p<0.001

suggesting that the PH assumption is invalid and in agreement with the trial authors results.

This example shows that when only aggregate data is available then how the K-M plot can be
used to reconstruct pseudo-IPD and calculate the HR and associated 95% Cl as well as how

to investigate the PH assumption.

5.4 Digitising K-M curves to investigate non-PH in meta-analysis:

Worked examples

Currently the digitisation approach has been used mainly within individual trials to obtain

55 56 as an

reconstructed pseudo-IPD in order to perform survival analysis and more recently
approach for assessing the PH assumption. To check how robust the digitisation approach is
within meta-analyses and to assess the PH assumption within the reviews, two worked
examples are presented below. The main aim of performing this approach within meta-
analyses is to estimate the prevalence of non-PH across the reviews but also as a method

that consumers of reviews could use to assess the assumption when the HR is the treatment

effect that is proposed.

Currently, methods available for assessing the PH assumption at the trial level can be used
for assessing the PH assumption at the review level. It is important to note that the reviews
did not present enough information to determine how the review level K-M curves were
constructed so the K-M curves could be review level summary curves which may not

necessarily be based on the most appropriate method.
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5.4.1 Example 2

For example 2 the following review was used: “Adjuvant chemotherapy in invasive bladder
cancer: a systematic review and meta-analysis of individual patient data” by Claire Vale®,
published in 2005. This IPD meta-analysis includes six RCTs with 491 patients comparing local
treatment plus adjuvant chemotherapy to the same local treatment alone. The primary
outcome was OS with survival analysis based on 283 events. The overall HR (95% Cl) is 0.75
(0.60 to 0.96) representing a 25% relative decrease in the risk of death on local treatment
plus adjuvant chemotherapy compared with that on control. The published K-M plot can be

seen in Figure 11.

Figure 11: Published Kaplan-Meier plot for Example 2
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Fig. 2. Kaplan-Meier curve for survival (All trials).
Figure 11 was uploaded into the Digitiselt software and then the x and y values were
extracted by clicking on individual points on the curve like seen in Figure 9. The extracted
data and the number at risk data which is included below the K-M plot were then saved in a

text file and imported into Stata. The reconstructed K-M plot can be seen below in Figure 12.
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Figure 12: Reconstructed K-M plot for Example 2
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The survival analysis was carried out using stcox. The reconstructed HR (95% Cl) is 0.78 (0.61
to 0.99) which was similar to the results obtained from the original review, 0.75 (0.60 to
0.96). These results demonstrated the accuracy of the approximated TTE data. The PH
assumption was tested again using the Schoenfeld residuals approach. The p-value = 0.535
suggesting that the PH assumption was valid. The original review did not mention anything

about testing the PH assumption within the review.

5.4.2 Example 3

In example 3 the following review was used: “Cisplatin- versus carboplatin-based
chemotherapy in first-line treatment of advanced non-small-cell lung cancer: an individual
patient data meta-analysis” by Ardizzoni et al®®, published in 2007. An IPD meta-analysis
comparing carboplatin to cisplatin in first line treatment of advanced non-small cell lung
cancer was performed. Nine RCTs were included with a total of 2968 patients. The primary

outcome was OS with survival analysis based on 1298 events for cisplatin and 1316 events
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for carboplatin. Ardizzoni et al®* concluded that the risk of death was higher with carboplatin
compared to cisplatin, but the difference was not statistically significant. The authors did not

mention or assess the PH assumption. The published K-M plot can be seen in Figure 13.

Figure 13: Published K-M plot for Example 3
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Figure 13 was uploaded into the Digitiselt software and then the x and y values were
extracted by clicking on individual points on the curve like seen in Figure 9. The extracted
data and the number at risk data were saved in a text file and imported into Stata. Once the
text file was imported into Stata it was important to state that the y values were probabilities
and not percentages which is the default setting within the ipdfc® command. The

reconstructed K-M plot can be seen below in Figure 14.
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Figure 14: Reconstructed K-M plot for Example 3
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The survival analysis was carried out using stcox. The reconstructed HR (95% Cl) is 1.06 (0.98
to 1.14) which was similar to the results obtained from the original review, 1.07 (0.99 to
1.15). These results demonstrated the accuracy of the approximated TTE data. The PH
assumption was tested using the Schoenfeld residuals approach. The p-value=0.042
suggesting that the PH assumption was invalid. The original review did not mention testing
the PH assumption within the review. The results suggest that the Cox PH model may not be
the most appropriate method to use for analysing the survival data and perhaps a secondary
analysis such as RMST could be performed which is not dependent on the PH assumption.
This example shows why it is important to assess the PH assumption, although in this example
a visual inspection of the K-M plot would be suffice to know that the survival curves cross so

the PH assumption may be invalid.
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5.5 Results from digitizing K-M curves

The K-M curves included in the systematic reviews from Chapter 4 were reconstructed in
order to investigate the PH assumption. Only 76 out of 123 (62%) reviews reported survival
curves in the systematic reviews. The method of survival curve calculation across all reviews
was the K-M method, although this was not always clearly stated. The patient numbers at
risk were reported in 47 (38%) of the reviews, hence it was only these 47 reviews which could
be included in this digitisation work. The reviews did not include details on how the review
level K-M curves were created. The majority (44 out of 47 (94%)) of the reviews included IPD
with the remaining being aggregate data reviews. Two ways in which the IPD review level K-

M curves could be created are as follows:

1. IPD would be lumped together from multiple trials and then the curves would be
created. Using this approach could potentially dilute any trial specific issues about
non-PH and the issues of heterogeneity in the patterns of effect as well as
heterogeneity of the trial level curves will be lost. Additionally, using this approach
goes against the spirit of meta-analysis as the data for the curve calculations will

include patients from across trials rather than comparing patients within trials.

2. Trial level curves would be constructed and then pooled across the trials. This would

|14

be a sensible approach and has been described in the Parmar et al** paper and the

|22

Williamson et al** paper. They do describe this approach for aggregate data but the

same approach could be used for IPD.

Using the digitising K-M data method presented by Guyot et al?®, the validity of the PH
assumption was further investigated to understand whether the assumption was valid or not.

The breakdown of the results are given in Figure 15. The results from this work identified that
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the PH assumption was valid for 37 (79%) reviews. From these 37 reviews, 22 review authors
assessed the PH assumption within the review whilst a further 15 review authors did not
mention the assumption within the review. From the 22 review authors who assessed the PH
assumption, 20 authors had IPD whilst two review authors had access to IPD and aggregate
data. All of the 15 review authors who did not mention the assumption had access to IPD. In
total 10 reviews were identified where the PH assumption was invalid (21%). For all of these
10 reviews the review authors did not mention the assumption. All of the reviews had access

to IPD apart from one review which only had aggregate data available.
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Figure 15: PRISMA flow diagram for PH assumption checking
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5.6 Discussion

This chapter has demonstrated that the assumption of PH is violated in 21% of reviews
examined. None of these reviews mentioned the PH assumption within the review, yet they

presented a pooled HR, which is also a matter of concern.

The 76 reviews that presented published K-M curves did not present enough detail to
understand how the review level K-M curves had been created. 47 reviews that presented
numbers at risk were included in the reconstruction exercise with 44 (94%) of them being

IPD reviews.

Using digitisation to reconstruct pseudo-IPD from published K-M curves to perform TTE
analysis and assess the PH assumption is becoming a popular choice especially where IPD is
not available as performed by Trinquart et al*® and Liang et al*® in recent years. Both Trinquart
et al°® and Liang et al*® use the reconstruction technique to assess the PH assumption within
the included RCTs. There are plenty of reviews where the reconstruction technique has been
applied to individual trials. To my knowledge, however there are no reviews or papers where
the reconstruction technique has been applied to meta-analyses in order to assess the PH
assumption. As seen in the examples presented in Section 5.4, it is quite straightforward to
apply the reconstruction technique to meta-analyses. The two examples included were IPD
meta-analyses but there is no reason why the reconstruction technique can’t be applied to
aggregate data. Instead the example shown in Section 5.3 includes aggregate data, and
shows how accurately the HR and 95% Cl can be estimated when only the K-M plot and some

summary measures are available.

Example 1 in this chapter also highlights that if performing a meta-analysis and only
aggregate data from trials was available, then the Digitiselt method followed by the ipdfc®

command can be used to assess the PH assumption as part of the meta-analysis of TTE data.
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When IPD is available it is not an issue as the reviewers can use the raw data to assess the

assumption.

In situations where the PH assumption is invalid, the reconstructed pseudo-IPD can then be
used to perform alternative analyses such as RMST that are not dependent on the PH
assumption. However, it is important to note that these digitisation methods are limited by

the quality of the curves that is available.
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6 Review of proportional hazards within Single Technology

Appraisals

6.1 Introduction

The NICE is an independent organization responsible for providing national guidance to the
NHS in England on a range of clinical and public health issues, including the appraisal of new
health technologies. The NICE STA process is specifically designed for the appraisal of a single
health technology for a single indication, where most of the relevant evidence lies with one
manufacturer or sponsor and typically covers new technologies shortly after UK market
authorization is granted?’. Within the STA process, the manufacturer or sponsor provides a
written submission (alongside a decision-analytic model) that summarizes the estimate of
the clinical effectiveness and cost-effectiveness of the technology. An external independent
organisation (typically, an academic group) known as the ERG, provides a critique of the
company’s submission (the ERG report). Consultees, clinical specialists and patient

representatives also provide additional information during the appraisal process.

Following a specification developed by NICE (the final scope), the NICE Appraisal Committee
(AC) considers the company’s submission, the ERG report and testimonies from experts and
stakeholders in order to determine whether the technology represents a clinical- and cost-
effective use of NHS resources. All stakeholders and the public have an opportunity to
comment on the preliminary guidance issued by NICE in the form of an Appraisal
Consultation Document (ACD), after which the AC meets again to produce the final guidance
(Final Appraisal Determination [FAD]). The final guidance constitutes a legal obligation for
National Health Service (NHS) providers in England and Wales to provide a technology that

is approved within its licensed indication?’.
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Oncology denotes a major disease area where TTE analysis is an important aspect of clinical
management and motivates decision-making around treatment options. This is critical for
STAs where majority of the outcomes within Oncology are OS and PFS. The most common
method used to analyse TTE data is the Cox PH model as highlighted in Chapters 3 and 4. One
issue that has repeatedly arisen within STAs is the incorrect use of the Cox PH model. In many
instances, the PH assumption is not mentioned within STAs by the companies and often the
ERG reports don’t mention that the ERG have assessed the assumption themselves. When
estimates of relative treatment effect are based on statistical models of TTE data, where the
PH assumption is violated, both the results from the study and meta-analyses will be biased®.
Where access to K-M curves and/or IPD is available from the individually included trials, it is
possible for the ERG to assess the PH assumption for validity. Along with clinical-effectiveness
analyses, cost-effectiveness analyses also rely on the TTE data to estimate the treatment
effect, which is commonly assessed using PH models. Therefore, the implausibility of the PH
assumption can impact upon decisions based upon cost-effectiveness analyses as well.

Currently, it is still unknown what the impact of incorrectly assuming proportionality is.

6.1.1 NICE guidelines

The Decision Support Unit (DSU) which is funded by NICE have written a research and training
resource to support their Technology Appraisal programme. The DSU have put together a
TSD on survival analysis®® which was published in 2011. In the document, they focus on
survival analysis modelling methods with a strong focus on the PH assumption. The TSD
mentions a few different approaches for assessing the PH assumption including visual
inspection of Kaplan-Meier curves, using log-cumulative hazard plots as well as using AlC and

Bayesian Information Criterion (BIC) statistics.
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The TSD includes details of a review conducted on TTE methods used in NICE Technology
Appraisals (TAs) which includes 21 TAs completed as of December 2009. The review
summarises the modelling approaches that have been used and proposes a model selection
process algorithm of how TTE analysis methods should be undertaken appropriately. The
step-by-step process starts with using the log-cumulative hazard plots in order to assess
which parametric model should be used as well as whether the PH assumption is valid. The
next step explains what should be done if the log-cumulative hazard plot does or does not

produce approximately straight lines.

An updated TSD was published in 2020 on “Flexible Methods for Survival Analysis”® which
focuses on methods such as flexible parametric survival approaches, mixture models and
landmark analysis which can be used on individual trials before focusing on extrapolating.

The focus of this TSD is on methods not dependent on the PH assumption.

To my knowledge, this is the first review to assess the prevalence and issues surrounding the
PH assumption within STAs. The main objective of this review is to assess the reporting and
assessment of the PH assumption in the included STAs by both companies and the ERGs in

terms of clinical- and cost-effectiveness.

6.2 Methods

6.2.1 Identification and selection of STAs for inclusion

In order to obtain a convenience sample of recently completed STAs, a list of Technology
Appraisal guidance was obtained from the NICE website?’. STAs that had been published on
the NICE website between 1 April 2017 and 31t March 2018 were included. As oncology
represents a major disease area where survival analysis typically drives decisions around

treatment options, the review focused only on STAs in oncology. The company’s submission
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of evidence, the ERG report (and any other documents relating to the company’s initial
submission of evidence and ERG’s review of this initial submission) were all obtained from

the NICE website.

Once the list of Technology Appraisal guidance had been screened for STAs in oncology and
for those published between 1°t April 2017 and 31 March 2018 the STAs were assessed for

eligibility using the following criteria:

Inclusion criteria

e Included only if TTE outcomes present

e Included only if obtained the company’s submission of evidence

Exclusion criteria

e No TTE outcome included in STA

e Multiple technology appraisals (MTAs)

e Company submission of evidence unavailable online

e If there is a reconsideration of the Cancer Drugs Fund as the company submission

would then be unavailable.

6.2.2 Data extraction

Data extraction was performed using a database created in Microsoft Excel, as seen in
Appendix 7. Data was extracted from the documents listed above. Any disagreements were
resolved through discussion and by consulting CTS. Data was collected for each STA including:
the company submitting evidence for appraisal, the ERG, the indication, the technology of
interest, comparators, details regarding the use and assessment of the PH assumption within
the STA for the outcomes of OS and PFS. OS and PFS were chosen as they both were the most
commonly reported outcomes.
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Data was extracted on clinical direct and indirect and cost-effectiveness evidence. Clinical
direct evidence has been obtained directly from the pivotal trials. The indirect evidence is
obtained using a mixture of direct and indirect evidence also known as NMA as described in
Section 1.3.2. The cost-effectiveness evidence comes from the company submission who

included published literature on the relevant patient population with the disease of interest.

6.3 Results

6.3.1 Review of STAs

The search for a list of Technology appraisals, where appraisals have been published on the
NICE website between 1% April 2017 and 31 March 2018 yielded 80 Technology appraisals.
After removing the Technology appraisals outside of oncology, the inclusion and exclusion
criteria were applied to 39 Technology appraisals. A further eight Technology appraisals were
excluded resulting in 31 STAs being eligible for inclusion in the review. The PRISMA diagram
in Figure 16 describes the screening process, including reasons for exclusion at each

screening stage. See Appendix 8 for a reference list of the 31 included reviews.
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Figure 16: PRISMA flow diagram for STAs
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6.3.2 STAresults

In total, 27 out of 31 companies (87%) made an assumption of PH in their submission in either
the clinical effectiveness, or cost-effectiveness sections or both. The results from the STA
review of PH assumption checking are given below split by clinical effectiveness and cost-
effectiveness. The clinical effectiveness section is further split by whether the results are

from direct evidence or indirect evidence, i.e. network meta-analysis.

6.3.2.1 Clinical effectiveness — direct evidence

The results in Table 10 highlight that 23 out of 31 (74.2%) of STAs made an assumption of PH
in the clinical effectiveness direct evidence section. Rather than choosing which outcome to
present results for, it was agreed that both PFS and OS are both important survival outcomes

so both should be reported in all the tables.

110



For all 23 STAs, the companies used methods that assumed PH for all PFS and OS outcomes.
For both PFS and OS, 22 out of 23 STAs (96%) used the Cox PH model for the method of
analysis. For PFS, from the 23 STAs assuming PH, only 15 (65%) STAs reported testing the PH
assumption. Out of these 15 STAs, one company did not originally assess PH and only
assessed after the ERG requested this at clarification stage. For another STA, there were two
trials included in the direct evidence section and the company assessed PH for one trial but
not the other. No additional details were given on why the company assessed PH for one trial
and not the other. As the results in this review are by STA and not individual trial, this
particular STA has been included as having tested the PH assumption but still reported

separately in the table for clarity.

For PFS, out of the 15 companies who tested the assumption of PH, nine (60%) STAs reported
that PH was violated, four (27%) STAs reported that PH was valid and two STAs did not report
the results from the PH assumption testing. The most common methods used for testing the
assumption included log cumulative hazard plots and Schoenfeld residuals. For OS, out of the
16 (70%) STAs that included an assessment of the PH assumption, 10 (63%) STAs reported
that PH was violated, five (31%) STAs reported that PH was valid and for one STA the result
was unknown. Out of the 10 STAs that reported PH was violated, for one STA, PH was found
to be violated in one population but not in another population, so here it has been included
in the PH violated category. Despite PH being violated, for all the STAs none of the companies

made any changes to the analysis approach.

For those companies that did not assess PH, for the majority of the cases for both PFS and
0S, the ERG also did not assess PH. Similarly, for cases where the company did assess, again

the ERG did not assess PH for the majority of the cases for PFS (80%) and OS (69%).
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Table 10: STA results from Clinical direct evidence

STAn/N Details (n/N (%))
Clinical direct
How many STAs made an
assumption of PH in the clinical 23/31
effectiveness direct evidence
section?
What methods were used? l.e. cox Cox PH model —22/23 (96%)
PH or other or not reported? PFS (n=23) | Log rank test, HRs presented but methods not
stated — 1/23 (4%)
Cox PH model —21/23 (91%)
Log rank test, HRs presented but methods not
0S (n=23) | stated —1/23 (4%)
HRs presented but methods not stated — 1/23
(4%)
Of these, how many tested the No — 8/23 (35%)
assumption of PH? PFS (n=23) | For 1 trial yes, for the other trial no — 1/23 (4%)
Yes — 14/23 (61%)
No — 7/23 (30%)
05 (n=23) | o _16/23 (70%)
For those that tested, how many PH violated - 9/15 (60%)
found that PH was violated? PFS (n=15) | PH holds - 4/15 (27%)
Result unknown - 2/15 (13%)
PH violated - 10/16 (63%)
0S (n=16) | PH holds - 5/16 (31%)
Result unknown - 1/16 (6%)
For those who found that PH was No changes to analysis approach —9/9 (100%)
violated, what did the company PFS (n=9)
then do? 05 (n=10 No changes to analysis approach — 10/10
(n=10) | (100%)
For those that did not test, did the Did not assess — 5/8 (63%)
ERG assess PH and if so, what were PFS (n=8) | Yes (PH valid) —2/8 (25%)
the results? Yes (PH violated) — 1/8 (12%)
Did not assess — 5/7 (71%)
05(n=7) | yes (PH violated) — 2/7 (29%)
For those that did test, did the ERG Did not assess — 12/15 (80%)
assess PH and if so, what were the Yes — 1/15 (7%) (PH valid, in agreement with
results? PFS (n=15) | company)
Yes — 2/15 (13%) (PH not valid, in agreement
with company)
Did not assess — 11/16 (69%)
Yes — 2/16 (13%) (PH valid, in agreement with
0S (n=16) | company)
Yes —3/16 (19%) (PH not valid, in agreement
with company)
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6.3.2.2 Clinical effectiveness — indirect evidence

Table 11: STA results from Clinical Indirect evidence

| /N n/N (%)
Clinical indirect
How many STAs made an 13/31 -
assumption of PH in the clinical
effectiveness indirect evidence
section?
Of these, how many tested the PFS (n=13) | No—4/13 (31%)
assumption of PH? Yes —9/13 (69%)
0S (n=13) | No-3/13 (23%)
Yes —10/13 (77%)
For those that tested, how many PFS (n=9) | PH violated - 8/9 (89%)
found that PH was violated? PH holds - 1/9 (11%)
0S (n=10) | PH violated - 8/10 (80%)
PH holds - 2/10 (20%)
For those who found that PH was PFS (n=8) | Re-do NMA using fractional polynomials after
violated, what did the company ERG requested them to test PH at clarification —
then do? 2/8 (25%)
Declared PH didn’t hold, so ITC is unreliable —
2/8 (25%)
Used RMST —1/8 (12.5%)
Used Bayesian fractional polynomial methods —
1/8 (12.5%)
Used Bayesian parametric methods — 1/8
(12.5%)
No change to analysis approach — 1/8 (12/5%)
05 (n=8) Re-do NMA using fractional polynomials after
ERG requested them to test PH at clarification —
2/8 (25%)
Declared PH didn’t hold, so ITC is unreliable —
2/8 (25%)
Used RMST —1/8 (12.5%)
Used Bayesian fractional polynomial methods —
1/8 (12.5%)
Used Bayesian parametric methods — 1/8
(12.5%)
No change to analysis approach — 1/8 (12.5%)
For those that did not test, did PES (n=4) Did not assess — 4/4 (100%)
the ERG assess PH and if so, what
were the results? 05 (n=3) Did not assess — 3/3 (100%)
For those that did test, did the PFS (n=9) Did not assess — 7/9 (78%)
ERG assess PH and if so, what Yes — ERG concludes PH is violated, in
were the results? agreement with company — 2/9 (22%)
Did not assess - 6/10 (60%)
05 (n=10) Yes — ERG concludes PH is violated whereas the
company concluded PH is valid — 1/10 (10%)
Yes — ERG concludes PH is violated, in
agreement with company — 3/10 (30%)
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The results in Table 11 highlight that only 13 out of 31 (42%) STAs made an assumption of PH
in the clinical effectiveness indirect evidence section. For all 13 STAs, the companies used

methods that assumed PH for PFS and OS outcomes.

For PFS, from the 13 STAs assuming PH, nine (69%) STAs reported testing the PH assumption.
Out of the nine STAs, two companies did not originally assess PH but only assessed after the
ERG requested at the clarification stage. For OS, 10 (77%) STAs reported testing the PH
assumption and similarly to PFS, two companies only assessed the PH assumption after the
ERG requested it during the clarification stage. After assessing the PH assumption, PH was

found to be violated in the majority of the STAs for both PFS and OS.

Table 11 highlights the different approaches taken by the company due to the PH assumption
being violated. Again, similarly to the results in Table 10, in majority of the cases the ERG did
not assess the PH assumption in both situations where the company did assess PH and where

the company did not assess PH.

6.3.2.3 Cost-effectiveness evidence

For the cost-effectiveness results, Table 12 suggests that 20 out of 31 (65%) STAs assume PH.
However, only 18 STAs used methods that assumed PH for PFS and only 17 STAs assumed PH
for OS. For PFS, from the 18 STAs assuming PH, 13 (72%) STAs reported testing the PH
assumption. Out of the 13 STAs, two companies did not originally assess PH but only assessed
after the ERG requested at the clarification stage. For OS, 15 out of 17 (88%) STAs reported
testing the PH assumption and similarly to PFS, two companies only assessed the PH
assumption after the ERG requested it during the clarification stage. For both PFS and OS,
one company tested the PH assumption for the trials included in the direct evidence,

however did not test the PH assumption for the trials included in the indirect treatment
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comparisons. For this review, as the company have tested the PH assumption for some trials,

we have included the STA within the “tested PH” category.

After assessing the PH assumption, PH was found to be violated in around 70% of the STAs
for both PFS and OS. Table 12 highlights the different approaches taken by the companies
due to the PH assumption being violated. Again, similar to the results in Table 10 and Table
11, in majority of the cases the ERG did not assess the PH assumption in both situations where

the company did assess PH and where the company did not assess PH.
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Table 12: STA results from Cost-effectiveness data

n/N

n/N (%)

Cost effectiveness

How many companies made an
assumption of PH in the cost
effectiveness section (i.e. direct or
indirect evidence)?

20/31

Of these, how many tested the
assumption of PH?

PFS (n=18)

Did not assess— 4/18 (22%)

After ERG requested at clarification — 2/18
(11%)

Tested for HRs that came from trials, but not
for HRs that came from the NMA — 1/18 (5%)
Yes —11/18 (61%)

0S (n=17)

Did not assess - 1/17 (6%)

After ERG requested at clarification — 2/17
(12%)

Tested for HRs that came from trials, but not
for HRs that came from the NMA — 1/17 (6%)
Yes — 13/17 (76%)

For those that tested, how many
found that PH was violated?

PFS (n=14)

PH violated - 10/14 (71%)
PH holds - 4/14 (29%)

0S (n=16)

PH violated - 11/16 (69%)
PH holds - 5/16 (31%)

For those who found that PH was
violated, what did the company
then do?

PFS (n=10)

Redo NMA using fractional polynomials and
modelling after ERG requested them to test PH
at clarification — 2/10 (20%)

Used HRs in model base-case — 1/10 (10%)

Fit independent fitted curves — 4/10 (40%)
Stratified Parametric models — 2/10 (20%)
Fractional polynomials — 1/10 (10%)

0S (n=11)

Redo NMA using fractional polynomials and
modelling after ERG ask them to test PH at
clarification — 2/11 (18%)

Used a delayed exponential fit which was found
to satisfy PH assumption — 1/11 (9%)

Used HRs in model base-case —2/11 (18%)

Fit independent fitted curves — 3/11 (27%)
Stratified Parametric models — 1/11 (9%)
Fractional polynomials —2/11 (18%)

For those that did not test, did the
ERG assess PH and if so, what were
the results?

PFS (n=4)

Did not assess — 4 STAs

0S (n=1)

Did not assess — 1 STA

For those that did test, did the ERG
assess PH and if so, what were the
results?

PFS (n=14)

Did not assess — 13 STAs
Yes — ERG concludes PH is violated, in
agreement with company — 1 STA

0S (n=16)

Did not assess - 13 STAs

Yes - ERG concludes PH is violated whereas the
company concluded PH is valid — 1 STA

Yes — ERG concludes PH is violated, in
agreement with company — 2 STAs
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6.4 Discussion

6.4.1 Summary of main results

This review considers 31 STAs published between 1 April 2017 and 31 March 2018, in

Oncology.

STA results from the clinical direct evidence suggest that 74% (23 out of 31) of the STAs use
methods that assume PH. From these, 15 (65%) STAs tested PH for PFS and 16 (70%) tested
for OS. Around 60% of companies found PH to be violated for both outcomes but no changes
were made to the analysis approach. The ERG in majority of cases did not assess the PH

assumption.

Similarly, for the clinical indirect evidence, 42% (13 out of 31) of the STAs used methods that
assume PH. From these, nine (69%) STAs tested PH for PFS and 10 (77%) STAs tested PH for
OS. Eight of the companies in both cases found PH to be violated. Alternative approaches
were used for the analyses in all but one STA. The ERG in majority of cases did not assess the

PH assumption.

For the cost-effectiveness evidence, 65% (20 out of 31) of the STAs used methods that
assume PH. From these 14 out of 20 (70%) STAs tested PH for PFS and 16 out of 20 (80%)
STAs tested PH for OS. For both outcomes, around 70% of the companies tested PH and found
it to be invalid. For all these cases, the companies performed alternative analyses that did

not assume PH. The ERG in majority of cases did not assess the PH assumption.

In summary, findings of this review demonstrate that around 70% of the companies are
testing the PH assumption in STAs. However, in the majority of the cases, the ERGs are not
assessing the PH assumption. It is vital for the ERG to be assessing to see if the assumption is
valid and if they agree with the company’s decision as there have been cases in the review

where the ERG have not agreed with the company’s conclusion. This is crucial for the clinical
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direct evidence where for all STAs where PH was found to be violated, the companies did not
change the analysis approach. The companies chose to ignore the violation of the PH
assumption and in majority of the cases the ERGs also chose to ignore the violation of the PH
assumption and what the companies did. For clinical indirect evidence and cost-effectiveness
evidence, in majority of the cases, the companies used alternative methods not dependent

on the PH assumption to re-analyse the data.

This review highlighted that it is clear that the companies and ERGs are aware of methods
for assessing the PH assumption but still choose to ignore the assumption in many cases. It
is unclear whether this is happening as they do not think violation of the assumption could
impact the results or whether some authors genuinely do not know how to check the
assumption. Hence, further work is needed to understand the impact of the violation of the
assumption and also understanding why companies and ERGs do not always assess the

assumption.

6.4.2 Strengths and limitations

At the time of writing, this systematic review is believed to be the first review which
systematically considers the reporting of TTE data and the PH assumption within STAs. A
previous review has assessed new oncology drug approvals from ten HTA agencies, whilst we

have only focused on NICE.

Due to time constraints, only STAs in Oncology were included and STAs published between
15t April 2017 and 31t March 2018. Arguably, it would have been informative to consider all
disease areas and include data over several years rather than 12 months. However, it was
considered that the disease area is unlikely to impact the reporting of the PH assumption and
reviewing STAs published over 12 months should provide an adequate representation of
current practice.

118



6.4.3 Comparison to previous work

Monnickendam et al®® conducted a review on whether Health Technology Assessment (HTA)
agencies routinely assessed PH, what methods were used when non-PH was detected in
Oncology trials and how often the RMST was used as a measure of treatment benefit. They
reviewed methodological guidelines from ten HTA agencies in eight countries and then to
understand current practice reviewed new Oncology drugs published on the US Food and
Drug Administration (FDA) website between 1% January 2014 to 31 December 2016. They
included 52 Oncology drugs and 22 were from NICE. The PH assumption was assessed in 15
out of 22 (68%) NICE appraisals, which is in line with results found in our review. The authors
state that formal statistical methods were used for assessing the assumption but that the
methods varied in terms of type of test used. No further details were given in the paper on

what methods were used or what the outcome of the assessment was.

The authors mention that RMST was used most often by NICE. They used it in a number of
assessments for validating estimates of extrapolated mean survival in cost-utility analyses.
The authors did not identify any cases where it was used directly for the primary cost-
effectiveness analyses. It was used in 10 out of 22 HTAs (45%) whilst for our review, RMST
was only included in one STA in an indirect treatment comparison to address non-PH. The
authors say that for one STA, RMST was used as a treatment effect measure to address issues
of non-PH in an indirect treatment comparison and in one case, RMST was used in the
manufacturers submission to demonstrate the impact of non-PH and provide evidence of the

treatment effect when median difference was not statistically significant.

Previous research that has been published has focused on the reporting of TTE outcomes
including reporting of the PH assumption. Further details on Batson et al*®, Altman et al*®

and Abraira et al** have been given in Chapters 1, 3 and 4. All three reviews highlight the poor
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reporting of the PH assumption within RCTs. In comparison to those reviews, the PH
assumption is not being assessed in all cases of direct evidence by the companies as the direct
evidence is coming from other RCTs so they are only presenting the results. However, for the
indirect evidence, where the PH assumption is violated, 77.5% (7 out of 8 STAs) of companies
did perform alternative analyses or acknowledged that as the PH assumption doesn’t hold,
the indirect treatment comparison results are unreliable. The companies changed the

methods as they are performing the NMA so have access to the data.

6.4.4 Concluding remarks

In conclusion, in line with previous work conducted in this area, the current review has shown
concerns regarding the routine testing of the PH assumption. For cost-effectiveness analyses,
it is increasingly important that appropriate methods and techniques are used to assess the
PH assumption and analyse the data using appropriate methods to ensure treatments are

valued appropriately.

Although, around 70% of companies are assessing PH but still ignoring the assumption where
itis violated , there are still 30% of companies who are not checking the assumption. Results
of this review are surprising given that the NICE guidelines recommend testing the PH
assumption and have published the TSD® with details on how to assess the PH assumption.
Hence, why it is then unclear on why so many companies and ERGs are not following the
recommendations in the guidelines. An updated TSD® has been published in 2020 that
focuses on methods not dependent on the PH assumption which could be an alternative to
methods dependent on the PH assumption. However, it is important to note that the results
from this review on how often the PH assumption is assessed are higher than what has been
found in Chapters 3 and 4 and in the general medical literature as discussed in Chapter 1,

Section 1.4.2. Although, it is important to note that there is no direct comparison between
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STA evidence syntheses where ITCs are being conducted and IPD is available and traditional

systematic reviews where IPD is not always available and meta-analysis may be conducted.

Findings of this review further highlight the greater need for an understanding of the impact
of non-PH, on overall results and conclusions. Currently, there is advice and
recommendations on testing the PH assumption and alternative methods to use if the
assumption is invalid. However, there is no advice on how the assumption being invalid
impacts the results. Therefore, there is an urgent need for the development of reporting
standards for TTE analysis and in particular on the impact of non-PH on results and

conclusions.
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7 Simulation Study to assess the impact of non-PH in meta-

analysis

7.1 Introduction

It is clear from preceding chapters and previous research that the analysis of TTE outcomes
using methods that assume PH continue to be conducted in practice, despite a lack of testing
of the assumption, orin some cases ignoring the assumption. Little is known about the impact
of incorporating trial results that have inappropriately assumed PH, into meta-analysis. In
this chapter, a novel simulation study is presented to explore the performance of different
methods for meta-analysis of TTE data under various scenarios, including whether PH holds
or not. To begin with, a brief recap is given below of the methods available for analysing TTE
data when PH does not hold. The literature is also reviewed, comparing two of the summary
measures used to pool results for survival data, the HR, and the RMST difference or ratio as
well as summarising previously conducted simulation studies that have specifically looked at
the performance of methods for meta-analysis of TTE data. This chapter then goes on to
describe the methods and report the results of the novel simulation study that was

conducted.

7.1.1 Summary treatment effects: the Restricted Mean Survival Time

A summary treatment effect measure that is increasingly being used as an alternative to the
HR or as a secondary analysis measure is the RMST as described in Chapter 2, Section 2.1.9.

The RMST is a good summary treatment effect measure which is not reliant on the PH
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assumption, and can therefore be used as a metric to compare performance of different

methods.

In 2011, Royston and Parmar® described three approaches for estimating the RMST: using
pseudo-values, flexible parametric survival models, and integrating difference of survival
functions. They then used three RCTs all from advanced cancer, to demonstrate how simple
itis to estimate the RMST, and then compared the RMST results across the three approaches.
The authors recommend using either flexible parametric models or pseudo-values when
estimating the RMST as they give appropriate estimates of treatment effects under PH or
non-PH and estimates of RMST can easily be obtained from them. However, they also state
that the choice of t* (fixed specified time point) is important and hence why it should be pre-
specified where possible. The HRs are also mentioned but there are no conclusions drawn on

whether the HRs and RMST results are similar or not.

Trinquart et al®® conducted a review in 2016 comparing treatment effects measured by the
HR and the ratio of RMST in oncology RCTs. They included studies published between July
and December 2014 in three general medical journals and two oncology journals. They found
54 trials that were eligible to be included in the analysis. In five (9%) trials, the RCT authors
reported that the PH assumption was checked and evidence of non-PH was found by
Trinquart et al*® in 13 (24%) other trials. For each trial, the authors reconstructed IPD for each

treatment group from published K-M curves, an approach suggested by Guyot et al*®

. Using
the reconstructed IPD, the HR and associated variance were estimated by fitting a Cox PH
model. The RMST was calculated using the integration of the survival function approach. The
authors state that the HR and ratio of RMST are two different ways of quantifying the
difference between two survival curves and do not have the same meaning. The authors
aimed to assess if one was systematically further from the null than the other. Trinquart et

al*® explain that there was agreement on the direction of the treatment effect between the

difference of RMST and HR in all but four trials. The authors mention that in 41 (76%) of the
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54 trials, the HR demonstrated a larger treatment effect for the experimental arm compared
to the ratio of RMST and the difference was statistically significant in 20 (37%) trials. To

I°® say that their findings suggest that the treatment effects are

conclude, Trinquart et a
“systematically more beneficial when measured with HRs rather than RMST, whether the PH
assumption holds or not.” Therefore, they recommend that RMST-based measures of
treatment effects are reported in any trial with TTE outcomes. It is important to note that
although the HR and ratio of RMST are being compared they are not identical effect
measures, with the HR measuring the risk of having an event in one group compared to

another whilst the RMST difference measures whether patients in one group have X number

of years gained or lost in life expectancy from O to t*compared to patients in the other group.

Liang et al®® conducted a systematic review in 2018 where they included all phase Il and IlI
RCTs with TTE outcomes, which included parallel group RCTs of immune checkpoint
inhibitors. 25 trials were included in total that were all published between 2010 and 2018.

I>> report that evidence of non-PH was found in seven (28%) trials, although all the

Liang et a
trials reported a HR. The authors used the K-M curves to obtain the time-dependent
probability of overall survival. The K-M data was reconstructed for each arm using the
numbers at risk and total number of events, where available. The authors estimated the ratio
of RMST and difference in RMST between the treatment groups. Liang et al®* state that “the
ratio of RMST was transformed so that a ratio of RMST less than 1 indicated superiority of
the experimental treatment, as would be the case for an estimate of HR in a trial where
proportional hazards were satisfied.” The authors assessed the PH assumption using a
treatment-time interaction term in a time-dependent Cox model. The results illustrate that
there was agreement on the direction of the treatment effect between the ratio of RMST and
the HR for all trials. In 23 (92%) of the trials, the HR and ratio of RMST were in favour of the

|36

experimental arm. However, as seen in the research papers by Rulli et al*® and Trinquart et

al’®, the HR systematically overestimated the treatment effect compared to the ratio of RMST

124



in all of these 23 trials. These 23 trials included trials where PH was valid and some where it
was violated. The authors conclude by saying that failure to illustrate that the PH assumption
is violated may actually showcase the lack of power to detect a violation rather than
confirming that the hazards are valid. Liang et al*® state that forimmune checkpoint inhibitors
very little or no difference is seen in the survival curves for the initial period and then a late
separation occurs. In such a scenario, the PH assumption is not valid, hence the HR is difficult
to interpret and in such cases the ratio of RMST or difference in RMST are valid methods for

summarising the treatment effect.

In Rulli et al*%, the authors used nine of the superiority trials where the PH assumption was
violated and compared the HR and RMST (ratio and difference). The results expressed that
for all of these studies, there was agreement on the direction of the treatment effect
between the RMST difference and HR for all the trials. Rulli et al®*® explained that similar to
Trinquart et al*®, they also found that the HR systematically overestimates the treatment

effect compared to the RMST ratio.

7.1.2 Previous simulation studies for meta-analysis of TTE outcomes

Simulation studies®®%®

are datasets that are created by pseudo-random sampling from a
known probability distribution. Simulation studies are used to obtain empirical results about
the performance of statistical methods in various scenarios. This is important as it is not
always possible to obtain data that can be used to evaluate methods especially as the data
can be messy or could be based on various assumptions and settings. Additionally, with real
data the model parameters and functional form are unknown, whereas as simulated data is

artificial the user is in control of the model parameters and functional form so nothing is left

unknown. Therefore, simulation studies can be used to assess situations where commonly
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used methods may be based on incorrect assumptions, or used to evaluate new methods or

competing methods®.

In 2015, Wei et al®® also conducted a simulation study where they compared the three
methods used in the Royston and Parmar® paper in 2011, namely pseudo-values, flexible
parametric model and integrated difference of survival functions. The authors start by
applying the three methods to two IPD meta-analyses which were originally performed by
the Medical Research Council Clinical Trials Unit (MRC CTU) on behalf of collaborative groups.
The results from the two meta-analyses highlight that the conclusions from the RMST analysis
are similar to the meta-analysis of HRs. The authors also state that although most of the trials
included in the two meta-analyses provided no evidence of non-PH, 26% and 17% of the
weight in the meta-analyses came from trials with non-PH. It is important to note that if the
meta-analyses were dominated by trials with non-PH, then it is uncertain how reliable and
informative such meta-analyses based on HRs could be. The authors state that they consider

“the difference in RMST as a safer measure because it is free of the PH assumption.”

Wei et al® explain that to their knowledge no comparison of the three estimation methods
has taken place before and therefore they will conduct a simulation study to compare the
three methods in terms of bias, mean square error and coverage of the difference in RMST.
The Weibull distribution is used to simulate both the time to the event of interest and time
to censoring. The study authors simulate 1000 survival datasets for each scenario with 16
scenarios in total. Wei et al®® vary censoring (low and high), sample size (250 and 500
observations) and t*(3, 5 and 10 years of follow-up). The results for the two non-parametric
methods (pseudo-values and integrated difference of survival functions) produce similar
results in terms of bias and mean square errors. This could be as both methods use a K-M
estimate for the survival function. This leads to similar but not identical coverage
probabilities. For all three methods, the coverage probabilities are close to their nominal

value of 95%. There is no clear indication of one method being better than the other in terms
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of the coverage. However, in the flexible parametric survival model, mean square errors are
smaller than the other two methods. Wei et al®® explain that this could be as the flexible
parametric model is able to correctly specify the survival function when the survival time
follows a Weibull distribution. The authors explain that the non-parametric methods do not
assume any parametric distribution, so the mean square errors are inflated. The study
authors are well aware that the survival time does not always follow a Weibull distribution
and that the mean square errors of the difference in RMST from the flexible parametric
method are not always smaller compared with that from the other two estimation methods.
Wei et al®® also mention that a further advantage of estimating the RMST by a flexible
parametric model is that the RMST can be predicted beyond the actual follow-up time, which
allows all of the trial data in a meta-analysis to be included even when some trials have
follow-up less than t*. This is appealing in a meta-analysis context since trials typically have
different lengths of follow-up. The study authors conclude by saying that the difference in
RMST is a useful effect measure in a meta-analysis since it avoids the PH assumption. Wei et
al® highlight that the measure is interpretable and helpful in situations where the treatment
effects may change with time. The authors state that recent developments in data
reconstruction techniques® including the Wei and Royston® Stata journal in 2017 on
reconstructing TTE data from published K-M curves enables the extension of RMST meta-

analysis for aggregate data.

7.1.3 Motivation of simulation study

The summary of treatment effects compares HRs to the ratio of RMST or difference in RMST
and suggests that although the HR and ratio of RMST are two different measures, both are
comparable to one another. In cases where the PH assumption is invalid, the HR is then

dependent on time and thus a single HR summary is inappropriate. However, the summary
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of treatment effects in Section 7.1.1 found that the HR systematically overestimates the
treatment effect, but it is important to note that in those reviews the PH was violated in
many studies or poorly reported. However, the authors suggest that the HR tends to
overestimate treatment effects when PH is violated, hence making the RMST a more

conservative treatment effect measure.

The summary of previous simulation studies for meta-analysis of TTE outcomes highlights
that further work is required to investigate the impact of the violation of the PH assumption
on meta-analysis as currently only one research paper®® has been identified which focuses
on TTE outcomes within a meta-analytic setting where the focus is on the PH assumption.
Wei et al®® compared three approaches for estimating the RMST using a simulation study.
This is the only simulation study conducted so far on estimating RMST, with all other results
coming from real-life data®®>°>>6, The summary of previous simulation studies highlights
that although there has been research conducted comparing the HR obtained from fitting a
Cox model to the RMST, there hasn’t been any research carried out comparing the results
from the Cox, Weibull PH, AFT and flexible parametric models to one another using real or

simulated data.

A simulation study is needed to evaluate different methods in cases where PH is valid, and in
cases where PH is invalid, to compare different methods of analysing TTE data under different
scenarios within a meta-analytic setting. Such a simulation study is described during this

chapter.

7.2 Methods

A simulation study was undertaken to compare the performance of different modelling
approaches for meta-analysis of TTE data under conditions, where the validity of the

assumption of PH varies.
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7.2.1 Data Simulation Methods and Data-generating mechanisms

Data were generated by assuming a Weibull distribution for survival times, and thus a hazard

function for the ith individual is as follows:

hi(t) = Aeyty_l eXp(BOtreat): (13)

where A, > 0 is the scale parameter, y > 0 is the shape parameter, and (3 is the log hazard
ratio for treatment when time t=1 (i.e. when log(t)=0). Here treat is a binary variable

denoting treatment group (with O representing a control, and 1 an experimental treatment)

Twelve data generating mechanisms (DGMs) were considered, where DGM is a unique
scenario each with different characteristics in which the different modelling approaches will
be compared®. As the main focus for this work is within evidence synthesis, for all DGMs,
data are simulated for five studies, each containing n,,s= 500 patients, designed to represent
an IPD meta-dataset containing five trials with TTE outcome. The number of trials and
patients were selected to be similar to the characteristics of our review described in Chapter
3, for which the median number of studies included was five and median number of patients
was 2579 for each review. For the length of follow-up, the median length of follow-up in the
studies in the review was 4.5 years so for the simulations a five year length of follow-up was

used. In total, 1000 meta-datasets were generated for each DGM.

The covariate treat was binary and generated from a Bernoulli(0.5) distribution —
representing simple randomisation with an equal allocation ratio. Simulated survival times

were generated using the Simsurv package version 0.2.3%in the R software package, version
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3.4.0° using the method proposed by Bender et al'® and extended by Crowther and

Lambert®’.

Before presenting the DGMs, a description of the parameters is included below including

details on how the values for the parameters were selected:

Hazards - to set the A, and y values initial tuning simulations were undertaken to identify
censoring levels of 25% and 65%. Weibull parameter values were chosen that gave median
event times of approximately 3.5 years when the censoring level was 25% and median event

times of approximately five years when the censoring level was 65%.

Censoring Level/Rate: to set the censoring level as discussed in Table 13, a random sample
was drawn from the exponential distribution using a sample size of 500 for each study and a
rate value, A, of 0.03 for 25% censoring and 0.001 for 65% censoring. Initial tuning
simulations were undertaken to identify A, values that gave average mean censoring levels
of 25% and 65%. Appendix 9 presents the mean and range of all censoring levels used for

each DGM.

Time dependent treatment effect: for scenarios where PH is valid, the survival times were
simulated from a baseline Weibull distribution as in equation (1) using A,and y values as
defined in Table 13 with 3, set to zero, with equivalent hazard ratio value of one, indicating

no treatment effect.

In order to introduce non-proportional hazards into the DGM, model (13) is extended to

include an interaction between treatment covariate and function of time, as in model (14):

h;(t) = AytY~ ! exp{(Botreat + B,treat xlog(t))}, (14)

130



where (31 is the amount by which the log HR for treatment changes for each one unit increase
in log(t). The true value of 3; was set to zero (no time dependent log HR so PH is valid), 0.1

(small time varying effect) and 0.5 (large time varying effect).

Meta-analysis heterogeneity: in order to introduce heterogeneity into the simulated
datasets, values for 3, were drawn for each study from a random effects distribution with
between study variance of 0.11. The standard deviation value was selected after undertaking
some initial simulations to identify a standard deviation value that gave an average I?value

of 20-50%.

The characteristics of the twelve DGMs are as follows:
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Table 13 : List of DGMs

Parameters
DGM Set Lambda & Gamma . Censoring Rate: Meta-analysis -Heterogeneit
values Censoring Level /1Cg Bo B (Betweenystudies varigance)y
1 A=01,y=15 25% 0.03 0 - Homogeneous (0)
2 A=01,y=15 25% 0.03 0 0.1 Homogeneous (0)
3 1 A=01,y=15 25% 0.03 0 0.5 Homogeneous (0)
4 A=0.075 y=1.0 65% 0.001 0 - Homogeneous (0)
5 A=0.075; y=1.0 65% 0.001 0 0.1 Homogeneous (0)
6 A=0.075; y=1.0 65% 0.001 0 0.5 Homogeneous (0)
7 A=01,y=15 25% 0.03 0 - Heterogeneous: (0.11)
8 A=01;,y=15 25% 0.03 0 0.1 Heterogeneous: (0.11)
9 5 A=01;,y=15 25% 0.03 0 0.5 Heterogeneous: (0.11)
10 A=0.075 y=1.0 65% 0.001 0 - Heterogeneous: (0.11)
11 A=0.075 y=1.0 65% 0.001 0 0.1 Heterogeneous: (0.11)
12 A=0.075 y=1.0 65% 0.001 0 0.5 Heterogeneous: (0.11)
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The RMST was chosen as a measure that can be used for comparison across the different
methods of analysis. The interpretation of the difference in RMST between two treatment
groups is quite simple, e.g. the difference in 5-year RMST is 0.75 years which can be
interpreted as patients in the treatment group have a prolongation of 9 months in life

expectancy during the first 5 years compared to patients in the control group.

7.2.2 Restricted Mean Survival Time
Using the definition from Royston and Parmar**, the RMST of a random variable T is the
mean of the survival time X = min(T, t*) limited to a specific time point t* > 0, so the RMST
equals the area under the survival curve S(t) fromt=0tot = t*.

t*

RMST = 1 = E[X] = E[min(T, t)] = f S(0) dt
0 (15)

where S(t) is the survival function for a given distribution, and t* is the specific time point of

interest.

For this simulation study, a time point of 4.5 years was used. A value of 4.5 years was chosen
for t* in order to calculate the RMST as close to the last observed event time as possible as
it was more likely to have patients included in the simulation at 4.5 years rather than at the

maximum follow-up time of five years.

The “true” RMST was also calculated as seen in section 7.2.1, in order to allow direct
comparison of the results of the four different models under the different scenarios. The true
RMST was calculated by integrating the formula in equation (13), where the Weibull

distribution is used. As the integral does not have an easy closed form, it was approximated
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using Gauss-Legendre quadrature® to calculate S(t) by firstly reparametrizing the integral in

the following way:

Then using Gauss-Legendre quadrature®”:

*

t t* t
~53 . ws(5m+ )

m *
=1

1

where w; and z; are sets of weights and node locations respectively, where the total number
of nodes is denoted m. These nodes and weights can be generated using statistical software,
where the nodes are vectors of values at which to evaluate the function and weights are
vectors of weights to give the function values. The R package Statmod'®?, version 1.4.32 was
used to generate the values. As the data was simulated under the Weibull distribution, the

“true” RMST value was calculated as:

tx

RMST = f exp(—AtY exp(Botreat)) dt
0

~— ) wiexp| A=z +=] |ex rea
2 - 1 p 2 1 2 p 0
i=1
The parameter values given above in the DGMs were used for calculating the true RMST per
scenario. For example, for scenario 1 the following true parameter values A=0.1, y=1.50,
Bo=0, t* = 4.5 and m=100 were used. For scenarios where the treatment effect is time

dependent, the formula for “true” RMST was:

tx*

RMST = f exp(—AtY exp(Botreat + B;treat x log(t))) dt
0

£ m 1 £ £ (y+ Bitreat)
~ =) wexpi— (2 treat) —————— |(Sz+ 7
5 Z w; exp y exp(Bytreat) V¥ Gutrean) |\2 z; + >

i=1
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7.2.3 Analysis of simulated data

7.2.3.1 Models examined

Each simulated dataset in each DGM was analysed in four ways, using the following:

1.

A Cox proportional hazards model;

h;(t) = ho(t) exp(Bytreat)

where hy(t) is the unspecified baseline hazard, where treat is the binary treatment
indicator for individual i, and 3, is the log HR for treatment. The stcox package, version
7.5.2 in the Stata software package, version 14.1%° was used to fit the Cox model. The
Cox model® was chosen, as it is the most commonly used method for analysing TTE data

in RCTs, however ignores any time varying coefficients.

A Weibull proportional hazards model;

h;(t) = AytY~ ! exp(B,treat)

where treat is the binary treatment indicator for individual i, A and y are the scale and
shape parameters for the Weibull baseline hazard and B, is the log hazard ratio for
treatment. The Stata package streg, version 6.4.3 was used to fit the Weibull model. The
Weibull model was chosen as it is the most commonly chosen parametric model® and as
the data has been generated under the Weibull distribution, it is expected that it will

perform well.
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An Accelerated failure time model;

hi(©) = e ™Mihy(Yon;)

where 1; = o;Xy; is the linear component of the model, in which x;; is the value of the
explanatory variable, for the ith individual, i=1,2,...,500. As in the proportional hazards
model, the baseline hazard function, hy(t), is the hazard of death at time t for an
individual for whom the values of the p explanatory variables are all equal to zero.? The
Stata package streg, version 6.4.3 was used to fit the accelerated failure time (AFT)
model. The AFT model was chosen, as it is an alternative approach to use when PH is
invalid, where using the Cox model is not deemed appropriate. Although they are not
used often in RCTs, they are easy to use and the effect measure, time ratios are easier
to interpret than a hazard ratio®. For example, a time ratio of 1.20 suggests that the

treated group dies at a 20% faster rate compared to the control group.

A flexible parametric model with time-dependent coefficients
A flexible parametric survival model as proposed by Royston and Parmar, which

incorporate time-dependent effects of covariates x, is expressed as:

logH; (t) = vo + y1y + y2v1(y) + y3v3(y) + Botreat + B;treat xlog(t)

where y = logt, B, is the log HR for treatment, 3; is the amount by which the log HR for
treatment changes for each one unit increase in log(t) and for the jth knot at k]-,j =

1,2,3,

Uj(Y) = (y - kj)j_ - 7\j(y - kmin)i - (1 - }\j)(y - kmax)-sl-;

Kmax— k;
and A= —max— G

’
Kmax—Kmin
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For the simulation study, the following model was fitted with 2 knots for the restricted
cubic spline function for the baseline hazard function and 1 degree of freedom for the
time-dependent effect, with 1 degree of freedom stating that a linear effect of log time
is being fitted. The Stata package stpm2%, version 1.4.4 was used to fit the flexible
parametric models. It was decided that two knots would be sufficient for this model as

102 with two knots being the

the recommendations are between one and five knots
default number in Stata. As only one time-dependent effect is included in our model, 1

degree of freedom for each time-dependent effect seemed sufficient.

The flexible parametric model was chosen, as it is sometimes difficult to determine
which probability distribution should be used to model the survival times, as the given
distribution may not fit the data perfectly. Instead, the Royston and Parmar method can
be applied, which models the underlying baseline hazard parametrically but allows the
model to have greater flexibility than is possible with fully parametric models. The
benefits of using flexible parametric models are becoming more recognised in applied
research'® %% such as that it is possible to allow covariates to have time-dependent
effects by fitting interactions between the covariate and time using a second spline
function and that flexible parametric models offer a good alternative to standard
parametric models as they are able to summarize simple and complex effects which

standard parametric models sometimes struggle to highlight.

7.2.3.2 Software

The R software package was used for data generation as running simulations on single

computers can be very time consuming so during the simulation studies, the University of

Liverpool’s HTCondor system was used?? 1%, The model fitting was performed in Stata as my

previous programming experience was mainly in Stata. For estimating RMST, a mix of Stata
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and the R package were used due to the chance to have multiple datasets open at the same

time whilst Stata was the better performing software for fitting meta-analysis. However, all

of this work can be performed in both the R package and Stata.

7.2.3.3 Estimating RMST

To calculate the estimated RMST for each proposed modelling approach, the four analysis

methods stated in Section 7.2.3.1 were applied to the simulated data. The definitions of the

RMST for all the models is given below:

Cox model:

t*

RMST = f exp(—hg(t) exp(Botreat)) dt
0

Weibull model:

tx

RMST = f exp(—AtY exp(Bytreat)) dt
0

AFT model:

t*
RMST = f exp(—AtY exp(—pBytreat)?) dt
0
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Flexible Parametric model:

t*

RMST = f exp{—exp[yo + v1¥ + Y201 (¥) + v303(¥)]

0 (19)
+ Botreat + Bytreat xlog(t)} dt

These integrals were difficult to evaluate directly or by using numerical approximation
procedures, so values were sampled from the distributions of the parameters from the fitted
models and using these RMST values were calculated for each of these sampled parameter

sets. The following procedure was followed for estimating the RMST:

1. The estimated coefficients, parameter values and their (joint) uncertainty were
obtained directly from the fitted models, e.g. shape, scale, treatment estimate and
variance-covariance matrix for a Weibull model.

2. A total of 1000 values for the treatment coefficient were generated using a normal
distribution for the Cox, Weibull and AFT models, where the mean was the treatment
coefficient and the variance term was the uncertainty term from the fitted models
so variance or variance-covariance matrix. For the flexible parametric model, a
multivariate normal distribution was used as it includes more than one treatment
parameter so the vector of means is made up of the treatment and treatment*time
coefficients and the variance-covariance matrix is used to account for the uncertainty
around the parameters.

3. For each iteration, the RMST was calculated using the formulae in (16), (17), (18) and
(19) where the parameter values extracted from the fitted models in step 1 and the
treatment coefficients generated in step 2 were used. The Gauss-Legendre
quadrature®” method as described in section 7.2.2 to calculate the “true” RMST was

used as the integrals did not have an easy closed form. A t* value of 4.5 years was
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used and the total number of nodes was 100. The R package Statmod!?, version
1.4.32 was used to generate the values. The RMST for each of the two treatment
groups was estimated.

4. This then gave a set of simulated RMST values, from which the mean and standard

error of the RMST for each fitted model could be extracted.

7.2.3.4 Meta-analysis

Once the data had been simulated, meta-analysis was conducted using a two-stage approach
where the models discussed in section 7.2.3.1 were fitted separately to each study within
each meta-dataset within each DGM. A two-stage approach was chosen as they are
considered to be less complicated to fit compared to one-stage methods’*1%7 1% For the Cox,
Weibull and AFT models, the Stata package ipdmetan!®, version 1.06 was used to conduct
the two-stage approach. The initial plan was to fit both random and fixed effects models and
to compare the performance. However, due to the amount of time taken to fit all the models
to the datasets, it was too time consuming to fit both types of models. Therefore, a decision
was made to fit random-effects models for all the models, as there was some heterogeneity
present between the studies even for scenarios where the meta-analysis was homogeneous.
It is important to note that for cases where there was little between study heterogeneity, it
is expected that fixed and random effects models would give similar results. The Cox model
for the event time of the it" participant, i = 1,...,500, in study j, j = 1,..,5 at time t can be

written as:

hl](t) = hO] (t) exp([)’ojtreatl]) (20)
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where treat;; is the treatment group indicator for the it" participant in thejth study, Bo;
represents the log HR between the treatment groups for thej”‘ study and h;;, hy; represent
the subject specific and baseline hazard functions, respectively. The estimated HRs for the
treatment effect from each study may then be combined in a meta-analysis, using the

DerSimonian-Laird random effects model®.

All of the overall effect estimates across the five studies within each meta-dataset (S, for the
Cox, Weibull and AFT models) were pooled in order to obtain the average pooled hazard ratio
or time ratio as well as standard deviations to account for the variability across the 1000

simulated datasets.

For the flexible parametric model, a flexible parametric model using the Royston and Parmar
method was fitted to each individual study and then the studies were combined together
before performing a multivariate meta-analysis. A multivariate meta-analysis was used as
multiple parameters from the flexible parametric model were extracted from the single

110 yersion 3.2.0 was used to conduct a random effects

model. The Stata package mvmeta
multivariate meta-analysis. The delta method!'! was used in order to obtain the overall
estimate of the standard error. The delta method is a procedure for approximating expected
values of functions of random variables where direct estimation of the expected values is not
feasible!!!. Due to the ease of coding the delta method and the chance to have multiple
datasets open at the same time, the R package was used to estimate the overall effect
estimate and standard error and then obtain the effect estimates and 95% Cls at various

timepoints as seen in Table 14 to Table 17. The R package msm, version 1.6.7 was used to

perform the delta method in order to obtain the overall standard error.

Similarly, once the estimated RMST values had been calculated, the Stata package
admetan!®, version 1.06 was used to perform a two-stage random effects aggregate data

meta-analysis. The difference in RMST between the two treatment groups along with the
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standard deviation surrounding the difference in RMST was meta-analysed. The average
pooled difference in RMST and standard deviation was then calculated across all 1000

datasets.

The between study heterogeneity for the Cox, Weibull and AFT models was assessed using
I? and t? values as well as the standard deviations. For the flexible parametric model, the
multivariate 12 statistic was calculated in order to assess the between study heterogeneity.
For the estimated RMST values, the between study heterogeneity was assessed using the I?
statistic and then presented using the mean pooled I? value as well as the standard

deviation.

7.2.4 Performance measures

The following performance measures were calculated for each analysis method within each

DGM to assess the performance of the four different survival models at estimating the RMST:

Bias: the bias is the deviation in an estimate from the true value so here it is the difference
between the average estimate and the true value.*® E[é] — 0, where 8 is the point estimate

and @ is the true value. It is desirable to have a bias close to zero.

Empirical SE: the empirical SE is the standard deviation of the point estimates. /Var(é)

Model SE: the model SE is the square root of the average standard error: ’E[E@(é)zj

Relative % error in Model SE: the definition of the relative % error in model SE is: 100 *

(M 0dSE 1)
EmpSE
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This measure explains whether the model-based SE is being overestimated or not®®. The
relative % error in model SE will be provided in the results tables as it is a more useful

measure rather than the individual empirical SE and model SE.

Mean squared error: the mean squared error (MSE) is the average squared difference

between the true value and the point estimate. It is desirable to have the mean squared error

(MSE) close to zero: E[(§ — 6)?]

Coverage: the coverage of a confidence interval is the proportion of times the 95%
confidence interval of the point estimate contains the true parameter value. If the method is
performing well, it is expected coverage to be 95%. Coverage higher than 95% indicates an
inefficient estimator and coverage less than 95% indicates an inaccurate estimator:

P(Biow < 0 < 8,pp)

The coverage has been presented graphically in the form of a “zip plot” which helps with
understanding coverage by seeing the confidence intervals directly. For all of the DGMs and
methods, the confidence intervals are fractional-centile ranked according to |z;|, where
zZi = (9\1 - 9)/M0dSE, where 8 is the point estimate, 8 is the true value and ModSE is the
model SE as mentioned in this section. This ranking is then used for the vertical axis and is
plotted against the confidence intervals. The intervals which cover 0 are blue (as seen in the
bottom end of intervals) and those that do not cover @ are in purple (as seen towards the
top of the intervals). If a method has 95% coverage, the colour of the interval changes at 95
on the vertical axis. The blue horizontal lines that are the full width of the intervals are Monte

Carlo 95% confidence intervals for per cent coverage.

The Monte Carlo SEs (MCSEs) were also presented in order to quantify simulation

. . . 1 ~ EmpSE
uncertainty, which is: / Var(8) =
¥ Nsims ( ) \ Msims
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The performance measures were calculated using the Stata package simsum!!?, version

0.17.1.

7.3 Results

The results for the simulations have been split into four sets of simulation results. The
parameters being varied include censoring level and whether the treatment effect across
studies is homogeneous or heterogeneous. Within the sets of simulations, the level of the
time-dependent log HR has been varied. All of these details are included in Table 13 including
details on the values of the parameters being used. In this section, the results will be referred

to as on the exponential scale so as HRs rather than log HRs.

7.3.1 Simulation set 1: Varying censoring, Meta-analysis: Homogeneous

For the first set of simulations (Table 14 and Table 15 and Figure 17 and Figure 18) all the
models converged except for DGMs 5 and 6 where the flexible parametric model failed to

converge for two datasets.

The results for DGM 1 where PH is valid highlight that this DGM performs well with low bias,
coverage around 95% and low MSE as seen in Table 14. However, as soon as a small time-
dependent effect is introduced all models other than the flexible parametric model perform
poorly. The mean pooled HRs for the Cox and Weibull models for DGMs 2, 3,5 and 6 are close
to the results at year 5 obtained from the flexible parametric model, highlighting when it is
inappropriate to use a Cox and Weibull model. It is important to note that as the data has
been generated under the Weibull distribution it would be expected that the Weibull model

for DGMs 1 and 4 would be the gold standard.
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The mean pooled HR in Table 14 for the Cox model under DGM 3 suggests that there may be
a 42% greater risk of dying in the treatment group compared to the control group at any time
during follow-up. However, 95% confidence intervals would be needed to be certain of
evidence of an effect. Similarly, for the AFT model under DGM 3, the mean pooled TR
suggests that the patients in the treatment group have a 19% shorter life expectancy
compared to patients in the control group. A t* value of 4.5 years was used for the RMST
analysis. Using the Cox model, the mean pooled difference in RMST was -0.387 years,

suggesting a loss in RMST of around 4.5 months.

The results in Figure 17 for the bias around the difference in RMST illustrate that for DGM 1
all models have bias close to zero, suggesting well performing methods. However, compared
to DGMs 2 and 3 the Cox, Weibull and AFT models are not performing well especially for

DGM 3.

In Figure 18, the “zip plot” for DGM 1 shows that all survival models are performing well.
However, for DGM 2, the coverage is lower at around 92% for all models except the flexible
parametric model. There are more intervals to the left of 8 than to the right, especially
intervals not covering 8 which suggest that the model SEs must underestimate the empirical
SE, although the coverage is also slightly lower than the nominal 95% level. For DGM 3, only
the flexible parametric model is performing well as expected under a DGM where the PH is
invalid. The “zip plots” are slightly “hairy” as compared to other examples®®, however as the
RMST values are so small there are some results included that are close to the “true” value
but have slightly wider confidence intervals and some results that are close to the true value

but have narrower confidence intervals.

In comparison, by varying the censoring, the results for DGMs 4 to 6 were similar for the
pooled effect estimates and for majority of the performance measures. The main differences

were found when comparing the coverage, where the coverage was slightly higher for DGM
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3 for the Cox, Weibull and AFT models compared to DGM 6. For the flexible parametric
model, coverage was below 95% for DGM 3 whereas coverage was above 95% for DGM 6

highlighting under and over coverage.
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Table 14 : Simulation results for DGMs 1 to 3 and by model being performed.

DGM Parameters Models | Mean  pooled | Mean Mean pooled | Bias (MCSE) Coverage MSE (MCSE) Relative error
HR (SD) pooled TR | difference in (MCSE) in Model SE
(SD) RMST (SD) (MCSE)
Cox 1.00 (0.05) - 0.001 (0.05) 0.001 (0.002) | 95.5% (0.66) | 0.003 (<0.001) | 5.15% (2.45)
Censoring: 25% Weibull 1.00 (0.05) - 0.001 (0.05) 0.001 (0.002) | 95.3% (0.67) | 0.003 (<0.001) | 5.47% (2.45)
1 Homogeneity: Yes AFT - 1.00 (0.04) 0.001 (0.05) 0.001 (0.002) | 95.6% (0.65) | 0.003 (<0.001) | 5.47% (2.45)
Time-dependent log HR: None | FPM Yr 1: 1.00 (0.09)
PH Valid: Yes Yr 3: 1.00 (0.05) - 0.002 (0.06) | 0.002(0.002) | 95.0% (0.69) | 0.004 (<0.001) | 6.42% (2.48)
Yr 5: 1.00 (0.05)
Cox 1.07 (0.05) - -0.069 (0.05) | -0.033(0.002) | 92.3% (0.84) | 0.004 (<0.001) | 10.62% (2.59)
Censoring: 25% Weibull 1.07 (0.05) - -0.068 (0.05) | -0.032(0.002) | 92.2% (0.85) | 0.004 (<0.001) | 11.43% (2.60)
2 Homogeneity: Yes AFT - 0.96 (0.03) | -0.068 (0.05) | -0.032(0.002) | 92.3% (0.84) | 0.004 (<0.001) | 11.33% (2.60)
Time-dependent log HR: 0.1 FPM Yr 1: 0.96 (0.09)
PH Valid: No Yr 3: 1.04 (0.05) - -0.038 (0.06) | -0.002 (0.002) | 96.2% (0.60) | 0.003 (<0.001) | 12.84% (2.65)
Yr 5:1.09 (0.05)
. Cox 1.42 (0.07) - -0.387 (0.05) -0.165 (0.002) | 16.5% (1.17) | 0.030 (<0.001) 9.31% (2.53)
Censoring: 25% - o o
Homogeneity: Yes Weibull 1.42 (0.07) - -0.367 (0.05) | -0.145 (0.002) 20.204 (1.27) | 0.024 (<0.001) 12.5004 (2.58)
3 Time-dependent log HR: 0.5 AFT - 0.81 (0.02) -0.367 (0.05) -0.145 (0.002) | 20.5% (1.28) | 0.024 (<0.001) | 12.43% (2.58)
FPM Yr 1: 0.86 (0.10)
PH Valid: No Yr3:1.21(0.12) - -0.244 (0.06) | -0.022(0.002) | 94.6% (0.71) | 0.004 (<0.001) | 10.35% (2.59)

Yr 5:1.43 (0.24)
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Table 15 : Simulations results for DGMs 4 to 6 and by models being performed

DGM Parameters Models | Mean  pooled | Mean Mean pooled | Bias (MCSE) Coverage MSE (MCSE) Relative error
HR (SD) pooled TR | difference in (MCSE) in Model SE
(SD) RMST (SD) (MCSE)
Cox 1.00 (0.07) - 0.003 (0.04) | 0.003(0.001) | 95.5(0.66) | 0.002(<0.001) | 8.91% (2.53)
Censoring: 65% Weibull 1.00 (0.07) - 0.002 (0.04) | 0.002(0.001) | 95.6(0.65) | 0.002(<0.001) | 9.77% (2.55)

A Homogeneity: Yes AFT - 1.00 (0.07) | 0.002(0.04) | 0.002(0.001) | 96.0(0.62) | 0.002(<0.001) | 10.57% (2.56)
Time-dependent log HR: None | FPM Yr1:1.00 (0.12)

PH Valid: Yes Yr 3:1.00 (0.08) - 0.002 (0.05) 0.002 (0.001) 96.2 (0.60) | 0.002 (<0.001) | 14.51% (2.70)
Yr 5:1.00 (0.07)

Cox 1.06 (0.08) - -0.034 (0.05) | -0.033(0.001) | 92.4(0.84) | 0.003(<0.001) | 10.41% (2.70)

Censoring: 65% Weibull 1.06 (0.08) - -0.035 (0.04) | -0.034(0.001) | 91.3(0.90) | 0.003(<0.001) | 12.57% (2.62)

5 Homogeneity: Yes AFT - 0.94 (0.06) | -0.035(0.04) | -0.034(0.001) | 91.5(0.88) | 0.003 (<0.001) | 12.93% (2.63)
Time-dependent log HR: 0.1 FPM Yr1:0.92 (0.12)

PH Valid: No Yr 3: 1.02 (0.08) - -0.004 (0.05) | -0.003 (0.002) | 96.6(0.57) | 0.002 (<0.001) | 10.23% (2.59)
Yr 5: 1.07 (0.08)

Censoring: 65% Cox 1.42 (0.09) - -0.244 (0.05) | -0.180(0.002) | 9.8(0.94) | 0.035(<0.001) | 10.03% (2.57)

Homogeneity: Yes Weibull | 1.42 (0.09) - -0.217 (0.04) | -0.153(0.001) | 10.2(0.96) | 0.025 (<0.001) | 18.09% (2.71)

6 Time-dependent log HR: 0.5 | AFT - 0.76 (0.04) | -0.216(0.04) | -0.152(0.001) | 10.6(0.97) [ 0.025(<0.001) | 18.78% (2.72)
FPM Yr 1: 0.67 (0.09)

PH Valid: No Yr 3: 1.15 (0.09) - -0.054 (0.05) | 0.010(0.002) | 95.9(0.63) | 0.003(<0.001) | 12.84% (2.67)

Yr 5:1.49 (0.10)
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Figure 17: Plots of Bias for the difference in RMST for DGMs 1 to 3 and then for DGMs 4 to 6
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Figure 18: “Zip plot” of the 1000 confidence intervals for DGM 1 to 6 by analysis method
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7.3.2 Simulation set 2: Varying censoring, Meta-analysis: Heterogeneous

For the second set of simulations (Table 16 and Table 17, and Figure 19 and Figure 20) all the
models converged except for DGMs 8, 10 and 11 where up to four datasets failed to

converge.

The estimates from DGM 7 where no time-dependent effect was included, highlights that all
models have low bias and low MSE. The coverage is around 98% suggesting some over-
coverage. However, as soon as a small time-dependent effect is included, the estimated
mean pooled HR increases compared to the “true” HR the data is simulated under. Similar
patterns are seen when a larger time dependent effect is included where the mean pooled

HR is 1.45 compared to the “true” HR of 1.0.

The mean pooled HR in Table 16 for the Cox model under DGM 8 suggests that there may be
a 7% greater risk of dying in the treatment group compared to the control group at any time
during follow-up. However, 95% confidence intervals would be needed to be certain of
evidence of an effect. Similarly, for the AFT model under DGM 8, the mean pooled TR
suggests that the patients in the treatment group have a 4% shorter life compared to patients
in the control group. A t* value of 4.5 years was used for the RMST analysis. Using the Cox
model, the mean pooled difference in RMST was -0.068 years, suggesting a loss in RMST of

less than 1 month.

Figure 19 illustrates the bias for the DGMs for all four models. Compared to DGM 7, the
flexible parametric model has lower bias compared to the other three models for both DGM
8 and 9 suggesting that the estimates from the flexible parametric model are closer to the

“true” difference in RMST.

In Figure 20, the “zip plot” for DGM 7 shows that the plot is “hairier” than seen previously in

Figure 18 suggesting wider confidence intervals throughout for this DGM. The coverage is
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higher at around 98% due to which the purple intervals not covering 8 are not as evident.
However, for DGM 8, all models are performing well with coverage around 93%, however
the flexible parametric model is performing slightly better with coverage around the nominal
level of 95%. There are more intervals to the left of 8 than to the right, suggesting that the
model SEs are underestimating the empirical SE. For DGM 9, the coverage is poor for the Cox,
Weibull and AFT models ranging between 11% and 14%. The coverage increases to around

93% for the flexible parametric model suggesting a well performing model.

In comparison, by increasing the censoring level from around 25% to around 65%, DGM 10
where no time varying effect is present, all of the survival models are performing well with
low bias, low MSE and high coverage around 95%. The “zip plot” however suggests that as
there are more intervals to the left of 8 for the Cox, Weibull and AFT models, the model SEs

may be underestimating the empirical SE.

Even once a small time-dependent effect is included, DGM 11 is performing well for all
models with again low bias, low MSE and coverage of around 97% for the Cox, Weibull and
AFT models suggesting slight over-coverage, however for the flexible parametric model the
coverage was around the nominal level of 95%. The “zip plot” for the flexible parametric
model shows that there are more intervals to the right of 8, suggesting that the model SEs
are overestimating the empirical SE. However, as soon as a large time-dependent effect is

introduced for DGM 12 all models except the flexible parametric model are struggling.

In comparison, when comparing simulated datasets that are homogeneous as seen in DGMs
1to 3 tosimulated datasets that are heterogeneous as seen in DGMs 7 to 9, there is evidence
of over-coverage and considerably higher relative error in model SE present in results where
the simulated datasets are heterogeneous. Similarly, for DGMs where censoring is high and
the simulated datasets are homogeneous and heterogeneous, similar patterns are seen with

again only the flexible parametric model performing well.
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Table 16 : Simulation results for DGMs 7 to 9 and by model being performed

DGM Parameters Models | Mean pooled | Mean Mean pooled | Bias (MCSE) Coverage MSE (MCSE) Relative error
HR (SD) pooled TR | difference in (MCSE) in Model SE
(SD) RMST (SD) (MCSE)

Cox 1.02 (0.05) - -0.016 (0.05) | -0.016 (0.002) | 98.5(0.38) | 0.003 (<0.001) | 52.35% (3.64)

Censoring: 25% Weibull 1.02 (0.05) - -0.015 (0.05) -0.015 (0.002) | 98.3(0.41) | 0.003 (<0.001) | 53.43% (3.67)

7 Homogeneity: No AFT - 0.98 (0.03) -0.015 (0.05) -0.015 (0.002) | 98.5(0.38) | 0.003 (<0.001) | 53.77% (3.68)
Time-dependent log HR: None | FPM Yr 1:1.02 (0.09)

PH Valid: Yes Yr 3: 1.02 (0.05) - -0.018 (0.06) -0.018 (0.002) | 97.7 (0.47) | 0.004 (<0.001) | 42.49% (3.43)
Yr 5: 1.02 (0.05)

Cox 1.07 (0.05) - -0.068 (0.05) | -0.032(0.002) | 92.9(0.81) | 0.004 (<0.001) | 14.30% (2.68)

Censoring: 25% Weibull 1.07 (0.05) - -0.068 (0.05) | -0.032(0.002) | 93.0(0.81) | 0.004 (<0.001) | 15.32% (2.70)

8 Homogeneity: No AFT - 0.96 (0.03) | -0.068 (0.05) | -0.032(0.002) | 93.2(0.80) | 0.004 (<0.001) | 15.41% (2.70)
Time-dependent log HR: 0.1 FPM Yr 1: 0.96 (0.09)

PH Valid: No Yr 3:1.05 (0.05) - -0.039 (0.06) | -0.003 (0.002) | 95.7 (0.64) | 0.003 (<0.001) | 12.41% (2.63)
Yr 5:1.09 (0.05)

Censoring: 25% Cox 1.45 (0.06) - -0.411 (0.05) -0.189 (0.002) | 11.0(0.99) | 0.038 (<0.001) | 19.00% (2.79)

Homogeneity: No Weibull | 1.45 (0.07) - -0.390 (0.05) | -0.168 (0.001) | 13.3 (1.07) | 0.030 (<0.001) | 22.06% (2.84)

9 Time-dependent log HR: 0.5 | AFT - 0.80(0.02) | -0.390(0.05) | -0.168 (0.001) | 14.0(1.10) | 0.030 (<0.001) | 22.03% (2.84)
FPM Yr 1: 0.83 (0.08)

PH Valid: No Yr3:1.31(0.06) - -0.268 (0.06) | -0.046 (0.002) | 92.9 (0.81) | 0.006 (<0.001) | 16.33% (2.74)
Yr 5:1.62 (0.08)
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Table 17 : Simulation results for DGMs 10 to 12 and by model being performed

DGM Parameters Models | Mean  pooled | Mean Mean pooled | Bias (MCSE) Coverage MSE (MCSE) Relative error
HR (SD) pooled TR | difference in (MCSE) in Model SE
(SD) RMST (SD) (MCSE)
Cox 1.03 (0.08) - -0.014 (0.05) | -0.014 (0.001) | 95.3% (0.67) | 0.002 (<0.001) | 14.63% (2.71)
Censoring: 65% Weibull 1.03 (0.08) - -0.015 (0.04) | -0.015 (0.001) | 95.6% (0.65) | 0.002 (<0.001) | 17.02% (2.76)
10 Homogeneity: No AFT - 0.98 (0.07) | -0.015(0.04) | -0.015(0.001) | 95.8% (0.63) | 0.002 (<0.001) | 17.66% (2.77)
) FPM Yr1:1.04 (0.14)
Time-dependent log HR: None
PH Valid: Yes Yr 3:1.04 (0.08) - -0.015 (0.05) | -0.015(0.001) | 96.4% (0.59) | 0.003 (<0.001) | 14.34% (2.71)
Yr 5: 1.04 (0.08)
Cox 1.03 (0.07) - -0.014 (0.04) | -0.013 (0.001) | 97.1% (0.53) | 0.002 (<0.001) | 24.99% (2.97)
Censoring: 65% Weibull 1.03 (0.07) - -0.014 (0.04) | -0.013 (0.001) | 97.2% (0.52) | 0.002 (<0.001) | 27.89% (3.04)
11 Homogeneity: No AFT - 0.98 (0.06) | -0.014(0.04) | -0.013(0.001) | 97.3% (0.51) | 0.002 (<0.001) | 28.52% (3.05)
) ) FPM Yr 1:0.89 (0.11)
Time-dependent log HR: 0.1
PH Valid: No Yr 3: 0.99 (0.08) - 0.018 (0.05) 0.019 (0.001) | 95.8% (0.64) | 0.003 (<0.001) | 25.44% (3.01)
Yr 5:1.04 (0.07)
Cox 1.35 (0.09) - -0.201 (0.05) | -0.137(0.002) | 43.9% (1.57) | 0.021 (<0.001) | 33.26% (3.18)
Censoring: 65% Weibull 1.35 (0.09) - -0.180 (0.04) | -0.116 (0.001) | 42.6% (1.56) | 0.015 (<0.001) | 39.79% (3.30)
1 Homogeneity: No AFT - 0.79 (0.04) | -0.179(0.04) | -0.115(0.001) | 44.3% (1.57) | 0.015 (<0.001) | 40.55% (3.32)
Time-dependent log HR: 0.5 FPM Yr 1: 0.64 (0.09)
PH Valid: No Yr 3:1.10 (0.09) - -0.022 (0.05) | 0.042(0.002) | 91.3% (0.89) | 0.004 (<0.001) | 30.71% (3.13)
Yr 5:1.42 (0.10)
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Figure 19: Plots of Bias for the difference in RMST for DGMs 7 to 12
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Figure 20: “Zip plot” of the 1000 confidence intervals for DGM 7 to 12 by analysis method
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7.4 Discussion

7.4.1 Summary of key points and implications

A simulation study was undertaken to evaluate the performance of various different survival
analysis models for meta-analysis of study data generated either assuming PH holds or not.
Meta-analysis of TTE outcomes normally use the HR as a measure of the treatment effect.
However, the PH assumption may not be valid for all included studies. In cases where
different assumptions may have been made in the analysis of each study in the meta-analysis,
the RMST is an appealing effect measure, as it does not depend on the PH assumption. This
method allowed the direct comparison of the four different survival models which otherwise

would not have been possible with comparing HRs, TRs and HRs varying over time.

The results presented indicate that under a valid assumption of PH, all models performed
well with low bias, low MSE and high coverage. As soon as, a small-time dependent effect
was introduced the Cox, Weibull and AFT models started to struggle with the mean pooled
HR/TR moving away from the “true” estimate. The performance measures also
demonstrated that the bias was higher and coverage was lower in comparison to the flexible
parametric model which continued to do well. Similarly, once a larger time-dependent effect

was introduced all models except the flexible parametric model struggled to perform well.

It is important to note that as the data was simulated under a Weibull distribution, the AFT
model used is a Weibull AFT model. Hence why under the Weibull distribution, the AFT and
PH models can be shown to be the same®. The only difference being that the AFT models
differ in terms of their interpretation of effect sizes with TRs instead of HRs. Therefore, in
cases where PH is invalid, there is no surprise that the RMST results based on the AFT models

are behaving in a similar way to the Weibull model and not performing as well.
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For simulation set 1, where censoring was varied and the simulated datasets were
homogeneous, there was not much difference in the estimates. For DGMs 1 and 4 where PH
is valid, there was little difference between the results for the Weibull, AFT and flexible
parametric models. However, as soon as a time-dependent effect was introduced only the

flexible parametric model performed well.

For simulation set 2, where the censoring levels were varied and the simulated datasets were
heterogeneous, the estimates suggest that for DGMs where the censoring was increased
from around 25% to around 65%, they performed marginally better with lower bias, lower
MSE and coverage closer to the nominal 95% level for some DGMs and for others like DGM
12 where a large time-dependent effect is present the coverage was slightly higher. The “zip
plots” presented in Figure 20 also highlight that for DGMs with higher censoring had

narrower intervals compared to the DGMs with lower coverage.

The results from the simulation study illustrate that in situations where the PH assumption
holds, all the survival models performed well. However, when a small-time dependent effect
was introduced, the Cox, Weibull and AFT models had slightly higher bias and lower coverage
compared to the results obtained under the PH valid cases. In situations where a large time-
dependent effect was included the Cox, Weibull and AFT models could not cope and this was
reflected in the poor effect estimates which were further from the “true” HR and the
performance measures which performed poorly. The best performing model in all cases and
DGMs was the flexible parametric model. The different simulation sets demonstrated which
parameters are more likely to impact the results with simulations with high censoring and

where the simulated datasets were homogeneous performing better.

It is important to note that both the DGM and model fitting has assumed that the model

structure is the same in each study in the meta-analysis, e.g. PH valid for all studies or PH
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invalid for all studies. In future work, including some studies where PH is valid and some

where it is invalid could be explored.

7.4.2 Limitations and future work

The data were generated under a Weibull distribution as it was identified as being the most
commonly used distribution for survival data®. Although, this is rather restrictive, due to time
constraints it was not possible to re-run the simulations and generate the data using an
alternative distribution such as a Gompertz distribution which is another popular choice for

survival data but this could be considered during future work.

Similarly, a Weibull model was also selected to be fitted to the simulated data as it is a model
that is commonly chosen® and as the data was generated under the Weibull distribution so it
was expected to perform well. However, this means it was not possible to assess the
performance of fitting other models which may be inappropriate in the presence of non-PH.
This would allow one to understand whether incorrect model functions are likely to be
chosen if PH is assumed. It would be useful to consider this work in the future to understand

the likelihood of using alternative models which are inappropriate.

Due to time constraints, it was not possible to vary the “true” HR to less than 1.0 to reflect a
beneficial treatment effect in favour of experimental arm compared to control which could
be a limitation of the simulation study so only a no treatment effect scenario has been
presented. This could be considered for future work to see whether varying the “true” HR

has an impact on the performance of the four models.

A random-effects approach was used for conducting the meta-analysis which could be a

further limitation. The initial plan was to fit fixed and random-effects models and compare
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the performance, however due to time constraints and some level of heterogeneity being
present in all DGMs, the decision was made to only use a random-effects model. A

comparison of the performance of the two models could be considered during future work.

Additionally, an extreme censoring level of around 65% was selected to highlight how the
simulation study would perform in such a situation, although this would be very unlikely to
happen in reality. In future possibly two lower censoring levels could be used to reflect

current practice.

In order to create non-PHs, a time-dependent effect was included in the models at two
different levels to create crossing curves. No alternative approach was considered to
introduce non-PH which could be a further limitation. An alternative approach could be

considered in future.

7.4.3 Concluding remarks

The results from the simulation study have confirmed how well all four models performed
when the PH assumption was valid. However, also highlighted how poorly the Cox, Weibull
and AFT models perform when a time-dependent effect is present and hence the PH
assumption does not hold. The best performing model in all cases was the flexible parametric
model. Overall, these simulation studies have given a chance to conduct in depth
investigations of the behaviour of all survival models for meta-analysis of study data

generated either assuming PH holds or not.

In the future, | recommend that as a first step the PH assumption is assessed so better
decisions can be made on appropriate methods to use. Chapters 2 and 4 include details on
how to assess the PH assumption when raw data is not available but a K-M plot and summary
statistics are reported. If the K-M plot and summary statistics are not available then every
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effort should be made to contact the study authors to obtain the raw data or at least the K-

M plot.

If the PH assumption is not valid but raw data is available then the flexible parametric model
is a conservative approach to take and the best model to use to analyse TTE data. The choice
of parameter (baseline hazard, level of censoring, time-dependent effect present or not,
whether simulated datasets were homogeneous or heterogeneous, follow-up period etc)
should be made based on the requirements of each individual investigation as one particular

parameters value could prove to be more appropriate than another.

If it is known that the PH assumption is not valid but only the HR is reported then it is worth
contacting the study authors for the K-M plots as the plots can be used to estimate the RMST

which doesn’t depend on the validity of the PH assumption.
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8 Discussion and Conclusions

8.1 Summary of main findings of the thesis

A range of methods for individual studies and for the meta-analytic synthesis of TTE data
have been proposed over several decades and applied to a wide range of clinical and
methodological scenarios; Chapter 2 of this thesis presents a literature review of this

methodology according to whether the Cox PH assumption is valid or not.

It is well documented within RCTs that the Cox PH model is the most commonly used method
for analysing TTE data®® 3! %, The first known review to investigate the reporting of TTE
outcomes within individual studies was carried out by Altman et a*° in the 1990s. Since then

there has been two further reviews3! 3

conducted to assess the reporting of TTE outcomes
in individual studies. Although there has been some improvement in the reporting of TTE
analyses, further work is still required to ensure authors are not only assessing the PH
assumption and reporting it, but are also explaining how they assessed the assumption and
what appropriate action was taken if the PH assumption is invalid. However, the recent
published research has highlighted that the PH assumption has only been assessed in around
4% - 26% of individual studies. Chapter 3 of this thesis presents a systematic review of the
reporting of TTE outcomes within RCTs with no restriction on the disease area and includes

results from a survey of current practice targeted at the UKCRC network of registered clinical

trials units.

This is believed to be the first systematic review carried out since 20073! outside of the field
of oncology, reflecting reporting standards over the past 13 years. In line with previous

k30 3135

wor , although the reporting of TTE outcomes has greatly improved with 93% of RCTs

reporting what analysis method was used, the reporting of the PH assumption is still an issue.
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Results from the UKCRC CTU survey in Chapter 3 reflected that over 90% of CTUs use the Cox
PH regression method to analyse TTE data and although most of the CTUs said they would
use alternative methods if the PH assumption was invalid, the decision to perform an
alternative analysis is dependent on other factors such as survival curves cross and if there is
a total absence of valid interpretation, despite whether the results are biased and based on
incorrect assumptions. All of the CTUs mentioned that they do assess the PH assumption
when using a method that assumes PH. It is unclear whether the CTUs mentioned this as they
are telling me what they think | want to hear about what the correct approach is whether
this is what they are doing in practice. Unfortunately, as the studies included in this review
are only until 2013, and more recent publications are not included it is difficult to know what

CTUs are doing in practice.

The necessary published information required to perform aggregate data meta-analysis of
TTE data is often not reported or is reported inconsistently3°3135113-116 A range of accessible
and user-friendly methods have been developed with the plan to make use of more
commonly reported summary statistics and published survival curves to indirectly estimate
HRs and associated variances!* 3. Nevertheless, whether these methods can be used in
practice has been questioned since many alternative summary statistics are also not reported
or published graphical figures are of inadequate quality'* ** 17, Chapter 4 of this thesis

presents a novel systematic review of the reporting of TTE outcomes within meta-analyses.

This is believed to be the first systematic review to be conducted on the reporting of TTE
outcomes within meta-analyses. All of the previous work has been conducted within
individual trials with no clear understanding of how well TTE outcomes are reported in meta-
analyses or how often the PH assumption is tested. All of the included systematic reviews
reported on the analysis method of choice which was the Cox PH regression method. IPD
meta-analyses were conducted in 66% of reviews with 28% of reviews using aggregate data

and the remaining 6% of reviews including a mix of IPD and aggregate data. Although, the
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reporting of the TTE outcomes in the review was excellent, the reporting of the PH
assumption was rather poor with only 27% of reviews assessing the PH assumption. These
findings suggest that the results for the PH assumption assessment are poor across individual

trials and within meta-analyses.

In 2012 Guyot et al®® published a paper describing how to use published survival curves to
obtain pseudo IPD. This approach was considered to investigate the PH assumption within
the meta-analyses in Chapter 4. Chapter 5 of this thesis presents results from assessing the
PH assumption using pseudo IPD to compare the results obtained to what has been carried

out within the reviews.

In the 123 included trials only 76 (62%) reviews included K-M curves and only 47 of those
reviews included numbers at risk enabling only those reviews to be included in the
digitisation work. The reconstructed data demonstrated estimates close to the HRs reported

in the systematic reviews. Evidence of non-PH was found in 10 (21%) of the reviews.

Chapter 6 highlights the results from assessing the reporting and assessment of the PH
assumption within STAs by both companies and the ERGs in terms of clinical and cost
effectiveness. Chapter 6 shows that around 70% of the companies are testing the PH
assumption in STAs but in majority of the cases the ERGs are failing to independently assess
the assumption. This became an issue in the clinical direct evidence for STAs where PH was
found to be violated, the companies did not change the analysis approach and the ERG didn’t

perform the necessary checks.

Chapter 7 presents results from a novel simulation study that was undertaken to evaluate
the performance of various different survival analysis models for meta-analysis of study data
generated either assuming PH holds or not. Using RMST allowed the direct comparison of
the four different survival models which otherwise would not have been possible with

comparing HRs, TRs and HRs varying over time. The results indicated that where PH is valid,
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all models performed well with low bias, low MSE and high coverage. As soon as, a small
time-dependent effect was introduced the Cox, Weibull and AFT models started to struggle
with the mean pooled HR/TR moving away from the “true” estimate. The performance
measures also demonstrated that the bias was higher and coverage was lower in comparison
to the flexible parametric model which continued to do well. Similarly, once a larger time-
dependent effect was introduced all models except the flexible parametric model struggled

to perform well.

8.2 Implications for practice and research

The work of this thesis adds to the evidence base on the poor quality of the PH assumption
reporting. The following recommendations can be used by trialists, reviewers and
‘consumers’ of reviews on how to approach the PH assumption based on the results from the

thesis:

e For a trialist, if a HR is the treatment effect estimate of interest then a simple Cox
PH model can be fitted to the data. Once the HR and 95% Cl has been obtained it is
important to assess the PH assumption which can be done visually by examining a
K-M plot or even better by using a plot of the log cumulative hazard where the
logarithm of time is plotted against the log cumulative hazard. If the curves for the
two treatment groups are approximately parallel, the PH assumption is said to be
valid. Although, this graphical approach is useful for visualising clear departures from
PH, they can be subjective so a formal test may be preferred. To formally assess the
PH assumption the simplest and most popular method as seen in Chapter 3 is the
Schoenfeld residuals approach. Using this method if the p-value is statistically

significant then the PH assumption is invalid.
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o Ifthe PH assumption is valid then the HR and 95% Cl can be presented along
with a clear explanation to say how the PH assumption was tested and that
the assumption is valid.

o If the PH assumption is invalid then an alternative analysis should be
presented. Alternative analyses include using a time-dependent treatment
effect in the Cox model and presenting the results or using an approach not
dependent on the validity of the PH assumption such as RMST, fitting an AFT
model or using flexible parametric models, all methods seen and interpreted
in Chapter 7. It would still be beneficial to present the HR and 95% CI but
with additional details such as how the HR changes over time as well as
clinical reasons behind why the HR is changing over time.

e For a reviewer performing a systematic review, if IPD is available then the methods
mentioned above can be used for assessing the PH assumption. However, if only
aggregate data is available then the PH assumption can be assessed using the
reconstruction technique mentioned in Chapter 5. In order to perform the
reconstruction technique the K-M plot and information on the number at risk would
be needed in order to digitise the K-M data in order to obtain pseudo-IPD, which can
be performed in the Digitiselt software. The pseudo-IPD which includes time and
survival for each curve will be merged with the data for time and number at risk
which can be uploaded into Stata or R. Then depending on which software will be
used, the Cox PH model can be fitted and then the PH assumption can be assessed

using methods suggested above.

Currently in terms of reporting guidelines there is no mention of the PH assumption in the

CONSORT guidelines®* for RCTs or the PRISMA guidelines!® for systematic reviews and meta-
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analyses. There is also no mention of the reporting of the PH assumption in the Cochrane
Handbook®® or in the ICH E9!° guidelines. The only guidelines that are available are at the
individual trial level in the form of a set of “minimum requirements” as suggested by Altman
et al in 1995%° and updated in 2013 by Abraira et al*! and then the two NICE DSU TSDs®3 8
which are written to be used within STAs which are generally conducted by Pharmaceutical
companies. Altman et al*® suggested that “When Cox regression analyses are performed,
describe the criteria used to select the variables in the initial model, the procedure to specify
the final model and describe any methods used to assess the model assumptions.” Abraira
et al®® updated the set of “minimum requirements” and suggested that “When using
regression models, report the method used and results of model assumptions checking (e.g.,
the proportional hazards assumption in Cox models or distributional form in parametric
models).” The first NICE DSU TSD published in 20112% states methods that can be used for
assessing the PH assumption but the main focus is on the extrapolation of patient level data.
The more recent TSD published in 2020%* focuses more on methods that can be used on

individual studies and to extrapolate that are not dependent on the PH assumption.

8.3 Limitations and future work

The first major limitation is that rapid review approaches have been used for reviewing the
systematic reviews included in Chapter 4 as they were published between 2005 and 2015
and then the focused sample of RCTs included in Chapter 3 were published between 1985
and 2013. These reviews highlighted the poor reporting of the PH assumption in individual
studies and within meta-analyses, however the set of “minimum requirements” updated by

Abraira et al3!

weren’t published until 2013. It is unclear whether this set of guidelines could
have impacted the results obtained if the sample of studies included in Chapter 3 was based

on individual studies published between 1995 and 2015 when both sets of “minimum
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requirements” were available. However, it is worth noting that the Batson et al®® review was
published in 2016 and includes RCTs published between April and July 2015 and they
reported that only 7% of the publications reported the assessment of the PH assumption.
Hence, it is unclear whether changing the inclusion criteria on publication years included

would have altered the results on the reporting of the PH assumption.

Due to the number of reviews and individual studies included in the systematic reviews
presented in this thesis, it was out of the scope of the work to contact original investigators
individually to request additional or unpublished information but this could be worthwhile
to expand our understanding of the reasons behind particular choices of methods of analysis,
why certain practices are taken, and what would be needed to change practice. Such insights
could help with updating the CONSORT guidelines3* to include assumption checking in that
more trials may adhere to as well as writing a guidance document which could be shared
with experts in the field on how to assess the PH assumption and what to do if the assumption
is invalid. Hence, improving the consistency of assumption checking and reporting across

trials and facilitating synthesis of trials.

The second main limitation of the work in this thesis was in relation to the simulation study
which was slightly restrictive as the data was simulated under a Weibull distribution followed
by using a Weibull model for analysing the data as well as only using a random-effects
approach. Using a Weibull distribution for simulating the data followed by using a Weibull
model for analysing the data has meant that it was not possible to assess the performance
of fitting other models which may be inappropriate in the presence of non-PH. This is
important as this would allow one to understand whether incorrect model functions are likely

to be chosen if PH is assumed.

It would be useful to consider using alternative scenarios in the future including simulating

the data under an alternative distribution such as Gompertz, using a different sample of
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patients within each simulated study, varying the “true” HR so choosing a value where there
is a beneficial treatment effect in favour of experimental arm compared to control, varying
the number of studies included in the meta-analysis, using an alternative analysis method to
the Weibull model to understand the likelihood of using alternative models which are
inappropriate and possibly comparing the results from fitting a fixed effects and random

effects model.

Lastly, another recommendation for future work would be to use the methods used within
the simulation study and applying them to real data to explore the results obtained from the

different analysis methods and especially when PH is invalid.

8.4 Concluding Remarks

The work of this thesis has provided a detailed insight into the assessment and reporting of
the PH assumption within individual studies, meta-analyses and STAs and highlighted many
inadequacies in the application and reporting of the PH assumption across a wide range of
clinical disciplines. It is essential for clinical research of all sources, whether an original trial
or synthesis, that the PH assumption is reported transparently. Whilst the HR remains the
most commonly used effect measure for TTE outcomes, it is important that advantages of
using alternative methods to the HR are reported so they can be used instead of the HR or in
addition to the HR. Currently there are no guidelines published on the PH assumption
reporting or mention of assumption checking in the CONSORT/PRISMA guidelines®* 118, the

ICH E9 guidelines!?® or the Cochrane handbook®®.
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Appendices

Appendix 1: Screenshot of Microsoft Excel Database used in Chapter 3
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Appendix 2: Copy of the survey: Analysis of time-to-event data in clinical

trials: A survey of current practice

The following questions are about methods for analysing time-to-event outcomes in Randomised
Controlled Trials (RCTs) and current practice within your Clinical Trials Unit (CTU). In particular we are
interested in knowing how you deal with the Proportional Hazards (PH) assumption. We would also be
grateful if your responses could be made on behalf of your CTU, so it may help to discuss the survey
with your colleagues before returning it. The survey should take 5-10 minutes to complete.

1. What method do you use for the analysis of time-to-event (TTE) outcomes? Please tick

all that apply. (See below for a glossary of the different methods)

Cox Proportional Hazards (PH) regression

Never [ Sometimes ] Frequently ]
Kaplan-Meier Method

Never [ Sometimes ] Frequently ]
Log-rank test

Never [ Sometimes | Frequently |
Parametric PH model

Never [ Sometimes ] Frequently ]
Accelerated Failure Time model

Never [ Sometimes O Frequently O
Flexible parametric model

Never [ Sometimes ] Frequently ]
Other (Please specify)

2. If using a method that assumes PH which methods are used most commonly to assess
the PH assumption? Please tick all that apply. (See below for a glossary of the different
methods)

Assumption not assessed
Kaplan-Meier plots
Log-cumulative plot
Schoenfeld residuals

Lee and Pirie method (also known as H-H plots)

O0o0ooond

Time-dependent covariates
Other (Please specify)
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3. If the PH assumption is invalid, what approach would you take for the analysis?

Ignore the assumption and still use the PH model O
Use an alternative method that does not assume PH [
- Please specify

Other strategy for analysis (Please specify)

Comments

Thank you so much for taking the time to complete this survey. Your views are important, and we are
grateful for your support. If you have any questions on any aspect of this survey then please do not
hesitate to contact me.

Thank You,

Ashma Krishan

Glossary of terms

Term Definition

Proportional Hazards Assuming that the hazard rates for the intervention groups

are proportional over time.

Cox PH regression An approach to explore the relationship between the
survival experience of a patient and explanatory variable,

which is dependent on the PH assumption being valid.

Kaplan-Meier (K-M) method | The K-M method estimates the survival probability
nonparametrically from observed survival times which are

both censored and uncensored.

Log-rank test The log-rank test is used to test the null hypothesis that
there is no difference between the intervention groups in
the probability of an event (such as death or relapse)
occurring at any time point. The observed number of events

in each intervention group along with the expected number
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of events are calculated under the null hypothesis of no

difference between the intervention groups.

Parametric PH model

Parametric PH models are similar in concept and
interpretation to the Cox PH regression model, except

parametric models follow a specific statistical distribution.

Accelerated Failure Time

(AFT) model

The AFT model is a model for the analysis of survival data
where the covariates measured for an individual are
expected to act multiplicatively on the time-scale, so in
other words say for the covariate treatment, the length of
survival is either increasing or decreasing in the new
treatment group compared to the standard treatment

group. This method is not dependent on the PH assumption.

Flexible Parametric model

An approach which models the underlying baseline hazard,
but allows the function to have greater flexibility than that

allowed by the fully parametric models.

Schoenfeld Residuals

The Schoenfeld residuals is a graphical assessment of the
PH assumption, but a graphical summary that tests the
covariates for time-dependence. The Schoenfeld residuals
take a set of values, so one set for each covariate included

in the fitted Cox regression model.

Time-dependent covariates

A method for assessing departures from PH by introducing
a time-dependent covariate to the Cox regression model.
The time-dependent covariate is added to the model by
adding an interaction term that involves time, e.g. age x

log(t) and testing for significance
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Appendix 4: Search strategies used in Chapter 4

Database: CDSR// DARE/Method studies

#1 MeSH descriptor: [Proportional Hazards Models] explode all trees
#2 (proportion* near/1 hazard*)

#3 (cox near/2 proportion* near/2 hazard*)

#H4 (Cox near/2 regress* near/2 model)

#5 #lor#H2or#3 or#4
#6 (Hazard* near/2 ratio*)

#7 (surviv* near/2 model*)
#8 MeSH descriptor: [Survival Analysis] explode all trees
#9 MeSH descriptor: [Disease-Free Survival] explode all trees

#10 ((assess* or analys*) near/4 surviv*)
#11 MeSH descriptor: [Kaplan-Meier Estimate] explode all trees
#12 kaplan-meier

#13 "time to event"
#14 "time to mortalit*"
#15 "time to progress* diseas*"

#16 parmar*
#17 #6 or #7 or #8 or #9 or #10 or #11 or #12 or #13 or #14 or #15 or #16
#18 #5 and #17 Publication Year from 2005 to 2015
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Database: Medline

Strategy used:

Searches Results Search Type

1 proportional hazards models/

2 (proportion* adjl hazard*).tw.

3 (cox adj2 proportion* adj2 hazard*).tw.

4 (Cox adj2 regress™* adj2 model).tw.

5 or/1-4

6 (Hazard* adj2 ratio*).tw.

7 (surviv* adj2 model*).tw.

8 survival analysis/ or disease-free survival/

9 ((assess* or analys*) adj4 surviv*).tw.

10 kaplan-meier estimate/

11 kaplan-meier.tw.

12 "time to event".tw.

13 "time to mortalit*".tw.

14 "time to progress* diseas*".tw.

15 parmar*.tw.

16 or/6-15

17 5and 16

18 limit 17 to yr="2005 -Current"

19 ((systematic* adj3 (review* or overview*)) or (methodologic* adj3 (review* or
overview*))).ti,ab.

20 ((quantitative adj3 (review™* or overview* or synthes*)) or (research adj3
(integrati* or overview*))).ti,ab.

21 ((integrative adj3 (review™* or overview*)) or (collaborative adj3 (review* or
overview*)) or (pool* adj3 analy*)).ti,ab.

22 (data synthes™ or data extraction* or data abstraction*).ti,ab.

23 (handsearch* or hand search*).ti,ab.

24 (medline or cochrane or pubmed or medlars or embase or cinahl).ti,ab,hw.
25 (cochrane or (health adj2 technology assessment) or evidence report).jw.
26 systematic review.tw.

27 or/19-26
28 18 and 27
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Database: Embase

Strategy used:

g

Searches

1 proportional hazards models/

2 (proportion* adj1 hazard*).tw.

3 (cox adj2 proportion* adj2 hazard*).tw.

4 (Cox adj2 regress* adj2 model).tw.

5 or/1-4

6 (Hazard* adj2 ratio*).tw.

7 (surviv* adj2 model*).tw.

8 survival analysis/ or disease-free survival/

9 ((assess* or analys*) adj4 surviv*).tw.

10 kaplan-meier estimate/

11 kaplan-meier.tw.

12 “time to event”.tw.

13 "time to mortalit*".tw.

14 "time to progress* diseas*".tw.

15 parmar®.tw.

16 or/6-15

17 5and 16

18 limit 17 to yr="2005 -Current”

19 ((systematic* adj3 (review* or overview*)) or (methodologic* adj3 (review* or
overview*))).ti,ab.

20 ((quantitative adj3 (review* or overview* or synthes*)) or (research adj3
(integrati* or overview?*))).ti,ab.

21 ((integrative adj3 (review* or overview*)) or (collaborative adj3 (review* or
overview*)) or (pool* adj3 analy*)).ti,ab.

22 (data synthes* or data extraction* or data abstraction®).ti,ab.

23 (handsearch* or hand search®).ti,ab.

24 (medline or cochrane or pubmed or medlars or embase or cinahl).ti,ab,hw.

25 (cochrane or (health adj2 technology assessment) or evidence report).jw.

26 systematic review.tw.

27 or/19-26

28 18 and 27
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http://ovidsp.uk.ovid.com/sp-3.16.0b/ovidweb.cgi?&S=HPEIPDPLHOHFDCLMFNKKBGCGKMMHAA00&Sort+Sets=descending

Database: PubMed

Strategy used:
Search (((proportion* hazard*) OR cox proportion* hazard*) OR Cox
#1 regress* model)
Search (((((((((Hazard* ratio*) OR surviv* model*) OR (assess* or
analys*)) AND surviv*) OR kaplan-meier) AND "time to event") OR

#2 "time to mortalit*") OR "time to progress* diseas*") OR parmar*)

#3 Search (#1 and #2)

#4 Search ("2014/01/01"[Date - Entrez] : "3000"[Date - Entrez])

#5 Search (#3 and #4)

#6 Search (#3 and #4) Filters: Systematic Reviews

#7 Search (#3 and #4) Filters: Systematic Reviews; Review

#8 Search (#3 and #4) Filters: Systematic Reviews; Review; Meta-Analysis
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Appendix 5: Screenshot of Microsoft Excel Database used in Chapter 4

A B C D E
Date
X : | e R [+ Contact Persg Journal
Unigue ID | ™ | ™ |Published [ ™ B
S-Fluorourzcil-based chemotherapy for advanced colorectal cancer in elderly patients: a north central cancer treatment
1/ group study Jan-2005 Daniel . Sargent  Clinical Colorectal Cancer
Abciximab in primary coronary stenting of $T-elevation myocardial infarction: 2 Europezn meta-analysis on individual
7 patients'data with long-term follow-up (Structured abstract) J2n-2007 Gilles Montzlescot  Europesn Heart Journal
The abdominoperineal resection itself is associated with an adverse outcome: the European experience based on 2
3 pooled analysis of five European randomised clinical trials on rectal cancer 1an-2009 Corneliis..H. van de European Journal of Cancer
4 Adjunctive methotrexate for treatment of giant call arteritis: anindividuz| patient data meta-analysiz Aug-2007 Peter A Merkel Arthritiz & Rheumatizm
‘Cochrane Database of Systematic
5 Adjuvant chemotherapy for endometrial cancer after hysterectomy Aug-2011 Mick Johnson Reviews
F G H I J K L
— - » ” __ Mumber of survival N
Clinical Area Included Studi[ _ Number of patig Country QOutcome Method of Analysis
1 o sl = E outcomes |7
i
Overall survival was defined a5 the time |
4 1748 Us, Cananda, Mexico | from patient entry into the study until 2 Cox PH model i
death !
2 |Oncology 1
3 1101 ‘Composite of death or re-infarction i Stratified Cox regression ;
'
3 |Cardiovascular i
4 |oncology 5 5187 Cverall survival El Cax PH regression )
]
3 161 Time tofirst relapse E) Cox PH regression !
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5 |Arthritis
|
5 57 " Meta-analysis- pooled HRs using 1
Ovarall Survival [Death rates and time generic inverse variance facility 1
6 |Oncology todeath due to any cause) i
N o P Q R
Details of Method of Info on approach to regate Data or
Additional information on method of analysis 1 = I o i B Cox PH model used | Agerez 1 Motes on IPD or AD
1 Analysis i analysis Bl | LE IPD or Both | ¥ |
Logistic regression was used for multivariste modeling of these
endpoints. Time-to event endpoints [overall survival and time to tumar
progression) were compared univariately between prognastic factor One stage model stratified
=roupings by using the log-rank test, with the Cox proportional hazards One-stage model by age and performance Yes 1P
model used for multivariate modeling. Al time-to-svent analyses were e
stratified by the patient's original trestment protocol. All reported P
3 |values are Z-sided, with F£0.05 denoting statistical significance.
The Kaplan—Meier method was used for estimation of the probability of ‘Cox PH models fitted to each
event in each treatment group through the entire duration of follow-up trisl followed by pooling the
and estimation of cumulative hazard rate. Mets-analysis has been Two-stage method data for metz-analyses Yes IPD
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3 | cox mogal. fixed traatment with 2 randam treatment x studv intaraction) approach
The analysis for CRM was adjusted, 3nd the analyses for LR, 03 and £55 S One-stage coxmodel i o
4 |were stratified for trisl and randomisation arm stratified by trial
Time-to-event outcomes were analyzed using Cox proportional hazards Cox PH models fitted to each
deE\.sst.ratiliEd by trial, with rzi.ult_i expressed as the hazard ratio (HR); trial followed by pooling the
by definition, 2n HR lower than unity indicated that an event was Two-stage method data for meta-analyses Yes P
more likely to occur with placebo treatment. using fixed effect inverse
5 wvariance model
Fortime to event [0S, PFS) data, we extracted the natural log of the hazard {
ratic (In{HR}) and its standard error from trial reports. We pocled datain | GenericInverse Variance  Generic Inverse Variance '
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meta-analyses for time-to-event data. We pooled hazard ratios usingthe Method Method 1
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T e R Py e e

194



S T u v w

ES

| | | |
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Appendix 6: References of 123 systematic reviews included in Chapter 4
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Appendix 7 : Screenshot of Microsoft Excel Database used in Chapter 6
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Appendix 8 : References of 31 Single Technology Appraisals included in
Chapter 6

1. Riemsma R, Buyikkaramikli N, De Groot S, Fayter D, Armstrong N, Wei C-Y, et al. Ribociclib
in combination with an aromatase inhibitor for previously untreated advanced or metastatic
hormone receptor-positive, HER2-negative breast cancer: a Single Technology Assessment.
York: Kleijnen Systematic Reviews Ltd, 2017

2. Fleeman N, Bagust A, Richardson M, Boland A, Krishan A, Beale S, et al. Nivolumab for
previously treated locally advanced or metastatic squamous-cell non-small cell lung cancer
[ID811]: A Single Technology Appraisal. LRiG, University of Liverpool, 2015

3. Dickson R, Hounsome J, Stainthorpe A, Abdulla A, Bagust A, Richardson M, et al. Nivolumab
for previously treated locally advanced or metastatic non-squamous non-small cell lung
cancer [ID900]: A Single Technology Appraisal. LRiG, University of Liverpool, 2016

4. Venetoclax for treating chronic lymphocytic leukaemia: A Single Technology Appraisal.
Warwick Evidence, 2016.

5. Jones-Hughes T, Dunham J, Robinson S, Napier M, Hoyle M. Regorafenib for previously
treated unresectable or metastatic gastrointestinal stromal tumours: A Single Technology
Appraisal. Peninsula Technology Assessment Group (PenTAG), 2017.

6. Armstrong N, Ramaekers BLT, Pouwels X, Zaim R, Wolff RF, Riemsma RR, et al. Nivolumab
for treating recurrent or metastatic squamous-cell carcinoma of the head and neck after
platinum-based chemotherapy: a Single Technology Assessment. York: Kleijnen Systematic
Reviews Ltd, 2016.

7. Tappenden P, Carroll C, Stevens J, Simpson E, Thokala P, Sanderson J, et al. Ibrutinib for
treating Waldenstrém’s macroglobulinaemia: A Single Technology Appraisal. School of
Health and Related Research (ScHARR), 2016.

8. Greenhalgh J, Bagust A, Stainthorpe A, Richardson M, Boland A, Beale S, et al. Paclitaxel as
albumin-bound nanoparticles with gemcitabine for untreated metastatic pancreatic cancer
[ID1058]: A Single Technology Appraisal. LRiG, University of Liverpool, 2017

9. Edwards SJ, Wakefield V, Cain P, Jhita T, Masento N, Salih F, et al. Cabozantinib for
previously treated advanced renal cell carcinoma: A Single Technology Appraisal. BMJ
Technology Assessment Group, 2016.

10. Tikhonova |, Jones-Hughes T, Dunham J, Warren, F, Robinson S, Stephens P, et al.
Olaratumab in combination with doxorubicin for treating advanced soft tissue sarcoma: A
Single Technology Appraisal. Peninsula Technology Assessment Group (PenTAG), 2017.

11. Edwards SJ, Wakefield V, Bacelar M, Salih F, Masento N, Karner C. Vismodegib for treating
basal cell carcinoma: A Single Technology Appraisal. BMJ-TAG, 2017.

12. Boyers D, Cruickshank M, Jacobsen E, Cooper D, Fraser C, Culligan D, et al. Brentuximab
vedotin for relapsed or refractory systemic anaplastic large cell lymphoma. Aberdeen HTA
Group, 2017.

13. Edwards SJ, Bacelar M, Barton S, Karner C, Masento N, Salih F. Dartumumab for treating
relapsed and refractory multiple myeloma: A Single Technology Appraisal. BMJ-TAG, 2017.
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14. Edwards SJ, Kew KM, Jhita T, Barton S, Salih F, Masento N. Tivozanib for treating renal cell
carcinoma: A Single Technology Appraisal. BMJ Technology Assessment Group, 2017.

15. Riemsma R, Corro Ramos |, Thielen F, Fayter D, Armstrong N, Wei C-Y, et al.
Obinutuzumab for untreated advanced follicular lymphoma: a Single Technology
Assessment. York: Kleijnen Systematic Reviews Ltd, 2017.

16. Stevenson M., Tappenden P, Rawdin A. Regorafenib for previously treated unresectable
hepatocellular carcinoma: A Single Technology Appraisal — Rapid Review. School of Health
and Related Research (ScHARR), 2018.

17. Eribulin for treating locally advanced or metastatic breast cancer after chemotherapy
[ID1072]: A Single Technology Appraisal. LRiG, University of Liverpool, 2017

18. Ixazomib citrate in combination with lenalidomide and dexamethasone for relapsed
refractory multiple myeloma: A Single Technology Appraisal. Warwick Evidence, 2017.

19. Edwards SJ, Karner C, Cain P, Masento N, Salih F, Wakefield V. Lenvatinib with everolimus
for previously treated advanced renal cell carcinoma: A Single Technology Appraisal. BMJ-
TAG, 2017.

20. Claxton L, Woolacott N, O’Connor J, Wright K, Hodgson R. Ceritinib for untreated
anaplastic lymphoma kinase-positive advanced non-small-cell lung cancer: A Single
Technology Appraisal. CRD and CHE Technology Assessment Group, 2017.

21. Tappenden P, Simpson E, Sanderson J, Pollard D, Clowes M, Kaltenthaler E, et al. lbrutinib
for treating relapsed or refractory mantle cell lymphoma: A Single Technology Appraisal.
School of Health and Related Research (ScHARR), 2016.

22. Cooper, K, Kalita, N, Harris, P, Onyimadu, O, Gaisford, W, Picot, J. Fulvestrant for
untreated hormone-receptor positive locally advanced or metastatic breast cancer: A Single
Technology Appraisal. Southampton Health Technology Assessments Centre (SHTAC), 2017.

23. Cooper K, Kalita N, Onyimadu O, Colquitt JL, Loveman E, Frampton GK. Atezolizumab for
treating locally advanced or metastatic urothelial carcinoma: A Single Technology Appraisal.

Southampton Health Technology Assessments Centre, 2017.

24. Fleeman N, Stainthorpe A, Bagust A, Richardson M, Nolan S, Houten R, et al. Palbociclib
in combination with an aromatase inhibitor for previously untreated metastatic, hormone
receptor-positive, HER2- breast cancer [ID915]: A Single Technology Appraisal. LRiG,
University of Liverpool, 2016

25. Cooper, K, Rose, M, Harris P, Chorozoglou, M, Picot, J. Nivolumab for treating relapsed or
refractory classical Hodgkin lymphoma: A Single Technology Appraisal. Southampton Health

Technology Assessments Centre (SHTAC), 2017

26. Brentuximab vedotin for treating CD30-positive Hodgkin lymphoma: A Single Technology
Appraisal. BMJ Technology Assessment Group, 2017.

27. Greenhalgh J, Mahon J, Boland A, Beale S, Krishan A, Abdulla A, et al. Pembrolizumab for
untreated PD-L1 positive metastatic non-small cell lung cancer [ID990]: A Single Technology
Appraisal. LRiG, University of Liverpool, 2016.

28. Blinatumomab for treating Philadelphiachromosome-negative relapsed or refractory
acute lymphoblastic leukaemia. A single technology appraisal. Warwick Evidence, February
2017.
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29. Pandor A, Stevenson M, Martyn-St James M, Stevens J, Hamilton J, Rawdin A, et al.
Ponatinib for treating chronic myeloid leukaemia: A Single Technology Appraisal. School of
Health and Related Research (ScHARR), 2016.

30. Fleeman N, Abdulla A, Bagust A, Beale S, Richardson M, Stainthorpe A, et al. Pegylated
liposomal irinotecan hydrochloride trihydrate for treating pancreatic cancer after
gemcitabine [ID778]: A Single Technology Appraisal. LRiG, University of Liverpool, 2016

31. Pertuzumab in combination with trastuzumab and docetaxel for the treatment of HER2
positive metastatic or locally recurrent unresectable breast cancer [ID523]: A Single
Technology Appraisal. LRiG, University of Liverpool, 2017
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Appendix 9 : Mean and Range of Censoring level used for each DGM

DGM Mean Censoring Level (%) | Range of Censoring Level (%)
1 28.2 25.4t031.0
2 26.6 23.6t029.8
3 20.7 17.5to0 23.4
4 68.4 65.5t071.0
5 67.5 64.5t0 70.6
6 62.6 59.7 to 65.6
7 28.0 25.3t030.7
8 26.6 23.5t029.6
9 20.4 18.0to0 23.0
10 68.1 65.5t071.0
11 68.0 65.1to0 70.7
12 63.5 60.4to0 67.3
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