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Abstract

Objective

To undertake meta-analysis and compare treatment effects estimated by the intention-to-
treat (ITT) method and per-protocol (PP) method in randomised controlled trials (RCTs). PP
excludes trial participant who are non-adherence to trial protocol in terms of eligibility,
interventions, or outcome assessment.

Study design and setting

Five high impact journals were searched for all RCTs published between July 2017 to June
2019. Primary outcome was a pooled estimate that quantified the difference between the
treatment effects estimated by the two methods. Results are presented as ratio of odds
ratios (ROR). Meta-regression was used to explore the association between level of trial
protocol non-adherence and treatment effect. Sensitivity analyses compared results with
varying within-study correlations and across various study characteristics.

Results

Random-effects meta-analysis (N = 156) showed that PP estimates were on average 2%
greater compared to the ITT estimates (ROR: 1.02, 95% CI: 1.00 to 1.04, p = 0.03). The
divergence further increased with higher degree of protocol non-adherence. Sensitivity
analyses reassured consistent results with various within-study correlations and across
various study characteristics.

Conclusions

There was evidence of larger treatment effect with PP compared to ITT analysis. PP
analysis should not be used to assess the impact of protocol non-adherence in RCTs.
Instead, in addition to ITT, investigators should consider randomisation based casual
method such as Complier Average Causal Effect (CACE).
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What is already known
» Per-protocol (PP) analysis is restricted to trial participants who fulfil trial
protocol adherence in terms of eligibility, interventions, and outcome
assessment.
» PP method of treatment effect estimation is subject to confounding and
selection bias
What this study adds
» PP method inflates treatment effect compared to intention-to-treat (ITT)
method
» The divergence increases with higher degree of protocol non-adherence
» Complier average causal effect method estimated treatment effect consistent
with ITT
» RCTs seeking to explore the impact of protocol non-adherence should avoid

PP and instead report CACE to ITT primary analysis
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Introduction

Randomised controlled trials (RCTs) are the best source of unbiased estimates of treatment
effect. However, RCTs often experience non-adherence to protocol which can take a variety
of forms i.e., non-adherence to the treatment protocol (e.g., not starting treatment at all,
taking a suboptimal dose at the incorrect time, or discontinuation or switching of treatment)
and non-adherence to trial protocol (e.g., inappropriately randomised participants, outcome
completion outside the assessment time window, trial discontinuation). The current
guidance, including the Consolidated Standards of Reporting Trials (CONSORT),’
recommend treatment effect from RCTs need to be estimated following intention-to-treat
(ITT) strategy i.e. analysing data based on patient randomization regardless whether
patients adhered to protocol or not. The fundamentals of ITT strategy are underpinned in
Rubin’s causal model (RCM) framework?® which evaluates ITT estimate as the difference
between average outcome of the treatment group vs. average outcome of the control group
without accounting for non-adherence to treatment protocol. Under perfect adherence, ITT
thus has the ability to infer ‘causal effect’ of the intervention as randomisation makes the
groups balanced in all aspects except the treatment being offered. The ‘causal effect’
therefore is a measure of both ‘treatment effectiveness’ (i.e., a measure of how the adopted
treatment policy performs in everyday practice) and ‘treatment efficacy’ (i.e., a measure of
how well the treatment works under perfect adherence and controlled conditions).® Since ITT
does not account for protocol nonadherence, under suboptimal adherence, ITT

underestimates the intervention effect and cannot accurately assess ‘treatment efficacy’.”

Methods of analyses commonly used to address the issue of non-adherence to protocol that
provide an estimate of treatment efficacy include per-protocol (PP) and as-treated (AT)
analyses.® PP method traditionally includes only trial participants who were defined to
adhered to the trial protocol, including treatment. Exclusion of participants from analysis this
way can lead to estimating a treatment effect that is prone to selection bias and

confounding.® '° As-treated analysis on the other hand introduces bias by simply analysing
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participants according to the treatment received regardless of their randomised allocation,
and thus destroys the original randomisation.” Although in the presence of protocol non-
compliance, ITT, PP, and AT all are likely to provide biased estimates, ITT is shielded
against selection bias and from known/unknown confounders whilst such claims cannot be

established for PP and AT.” 1°

Despite the drawbacks of PP analyses, reporting of effect estimates based on PP in RCT
reports remains relatively common. Our recent review of RCTs found 52% of the studies
reported results using PP analysis'! and a similar proportion (47%) was reported by another
review of a random sample of 100 RCTs." To our knowledge, in a meta-epidemiological
setting, no studies have formally quantified the extent to which the PP analysis diverges
from the gold-standard ITT analysis. We therefore sought to compare the treatment effects

estimated using PP versus ITT analysis in a sample of RCTs.

Methods
We conducted this study and reported findings in accordance with the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.™

Identification of RCTs

We searched the full-text of all RCTs published in a two year period (1%t July 2017 to 31s
June 2019) in five high impact general medical journals: The Lancet, New England Journal
of Medicine (NEJM), British Medical Journal (BMJ), Journal of American Medical Association
(JAMA), and The Annals of Internal Medicine. The combined search terms included

“intention-to-treat” AND “per-protocol”.

Definitions
In accordance with the CONSORT guidelines,* in this study we defined ITT analysis as “A

strategy for analyzing data in which all participants are included in the group to which they
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were assigned, whether or not they completed the intervention given to the group” and PP
analysis as an “Analytical strategy restricted to only participants who fulfil the protocol in
terms of eligibility, interventions, and outcome assessment’.

Some authors reported ITT results labelled as modified-intention-to-treat (mITT) analysis'®
where patients were excluded if a certain minimum dose of intervention was not received.'®
'8 These studies also provided separate PP analysis based on complete adherence to study
protocol. We included these studies as they were reported i.e., mITT for ITT estimates but
we also conducted separate analysis excluding those studies as they may be subject to
selection bias.'? In some other studies authors used the term mITT to indicate that not all
patients as randomised were available for analysis i.e., analysis included only those patients
for whom an outcome measure was available.'® 2° In such situations, although authors used
the term mITT, we considered those as valid ITT analysis. We included all RCTs
irrespective of their design or testing hypothesis i.e., superiority, non-inferiority, and
equivalence trials. RCTs that reported only an estimate of treatment effect based on ITT or
PP analysis only were excluded. Study selection was undertaken by a single reviewer

(MM).

Data extraction and assessing risk of bias

Data on the trial characteristics such as year of publication, sample size, clinical area of
investigation, intervention type, trial type, single/multi-centre trial, funding source, blinding,
sequencing, allocation concealment, placebo/active control, duration, type of outcome,
proportion adhering to trial protocol , and participant characteristics were extracted using a
predefined data extraction form. From each included trial, we extracted data on the named
primary outcome. Where no primary outcome was defined, the first outcome reported in the
abstract was used. To assess small study publication bias, the Harbord test?' was used for
studies with binary outcomes and the Egger test?? for studies with continuous outcomes.
One reviewer (MM) undertook data extraction and risk of bias assessment, and a random

sample of 10% of all data were checked for accuracy by a second reviewer (GT).
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Data analysis

The sample size for this study was based on findings from our pilot study that we carried out
to develop the study protocol for this study (see study protocol, Appendix-A). Since there is
no prior estimate of the magnitude of treatment difference between PP and ITT, we powered
this study based on a 5% relative difference between PP and ITT estimate an average level
of effect observed in our pilot study and considered to be clinically meaningful. We estimated
that we required 85 studies to achieve 90% power with alpha = 0.05 and a sampling frame of
304 to obtain the required 85 studies. All main analyses were prespecified. The differences
in intervention effects comparing the ITT and PP estimates were quantified using ratios of
odds ratios: ROR=0Rpp/ORr7. As the primary outcomes of the included trials varied in their
nature, we needed to convert them into a common metric for pooled comparison. Both
binary and continuous outcomes providing number of event/means/standard deviation (SD)
information respectively were converted to log odds ratio, with continuous outcomes first
being converted to the standardised mean difference (Hedges’ g). We used the reported
95% confidence intervals (Cl) to construct the variance for studies those presented
treatment effects in ratios but did not provided any information on number of events
occurred.?® Studies that reported treatment effects for multiple groups were combined where
possible or discarded to avoid unit of analysis error that rises from double counting
samples.?* All outcome conversion formulae can be found elsewhere.?* 2° Given that we did
not have access individual participant data, our estimates are not adjusted for stratification

or minimisation variables applied in the original trials.

The primary interest of our meta-analysis was to test the null hypothesis that reported PP
estimates in RCTs are no different than ITT estimates [ROR = log(PP) — log(ITT) = 0]. Since
sample size varies for the ITT and PP populations, the within study variance for outcome
was estimated combining both ITT and PP populations for each study.?® Further, because

the ITT and PP estimates are sourced from the same study, a moderate to strong correlation
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of r = 0.50 was assumed to adjust for within-study correlated outcomes.? Details of model

derivation and variance estimation can be found in the appendix (Appendix-B).

We present our primary outcome of interest (pooled ROR: difference between PP vs. ITT)
using maximum likelihood based random effects model. Pooled ROR is also presented
stratified by various study characteristics (i.e., intervention area, superiority/inferiority trial,
funding, blinding, randomisation sequencing, allocation concealment, placebo/active
control, follow-up duration, outcome type, mITT analysis, and by ITT results where positive
trials indicate significant treatment effect reported in the ITT analyses at least at p<0.05 and
negative trials indicate no-difference between treatment and controls) with p-value for their
interaction with the outcome. Multivariate meta-regression analysis was used to explore the
effect of protocol non-adherence on the effect size where proportion of non-adherence was
calculated as (1—[total number of patients in intervention group in PP population / number
randomised to intervention group in ITT population]). Effect of non-adherence was also
sought separately for studies where non-adherence was exclusively related to the
intervention. Meta-regression models were further adjusted with the study characteristics
mentioned above. Separate sensitivity analyses were carried out excluding the studies with

mITT estimates and for a range of within-study correlations (i.e., r = 0.10 to 0.90).

As an exploratory analysis, we also applied the ‘complier average causal effect’ (CACE)?":?®
method for all studies that reported the relevant number of events/mean/SD information and
compared the pooled CACE estimate against ITT and PP. To derive CACE estimates, we
assumed the principal stratum ‘compliers’ to be those in the treatment group who were
included in the PP population as authors claimed that these participants adhered to the
protocol. The rest of the information for other strata were derived following CACE method.
The ROR for CACE vs ITT/PP estimates were calculated as explained above.

All analyses were carried out using Stata version-16.
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Patient and public involvement
Our study did not involve any patient or member of the public in the design, or conduct, or

reporting, or dissemination plans of the research.

Results

Study selection and study characteristics

A total 334 studies were initially identified by our searches. Of these, 156 (47%) were
included. One study had four independent groups with ‘2 X2’ factorial design which provided
an additional record for analysis forming the analyses sample to 157. Figure 1 shows the
flow of data through the study, from screening to the final dataset. The major reason for
exclusion at full text review was the PP analysis estimates not being reported (N = 83).
Table 1 presents the study level characteristics (N = 156). Most studies were multi-centred
(96%) non-blinded (58%) drug intervention (57%) superiority trials (70%) with a follow-up
duration of 6-months or more (54%). A total of 123 (79%) studies presented all the
necessary data required for meta-analysis using both ITT and PP analysis (binary outcomes:
105/133; Continuous outcomes: 18/23). The median non-adherence rate to the trial protocol
was 9% (range 1 to 77%). Authors of 3 studies did not provide any definition of their per-
protocol population while for N = 80 (51%) studies, the PP population excluded patients who
were non-adherent to the treatment protocol other than any other protocol violations. N = 74
studies (47%) excluded patients from the PP population for multiple reasons inclusive of
treatment non-adherence where the other reasons being discontinuation/withdrawal of
treatment, switching treatment, withdrawal for adverse effects, developing exclusion criteria,

accidental blinding, lost to follow-up etc.
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# of Full text articles from search results: 334

—Lancet :115(35%)
—NEJM :81(24%)
—-JAMA  :56 (17%)
-BMJ  :68(20%)
-AIM 114 (4%)

\

# of Full text articles reviewed: 282

Excluded in initial screening: 52
—Not RCTs: 19
— Meta analysis: 16
— Guideline/reporting news : 10
— Opinion/discussion/review: 7

1 ‘2 x 2 factorial’ study had four
independent arms thus contributed to >
two separate records

\4

Further excluded: 122

— PP not reported: 83

— Inadequate information (i.e. only p’value for
PP reported, variance estimation was not
possible, etc.): 27

— ITT not reported (non-inferiority trial): 7

— Secondary analysis: 3

— Bayesian analysis: 1

— Randomisation process not followed: 1

Y

# of articles included for analysis: 156
—Lancet :66 (42%)
- NEJM :44 (28%)
-JAMA  :36 (23%)
-BMJ 10 (7%)
-AIM 10

A\ 4

Further excluded: 4
— Zero event cell

Fig 1: Flow diagram of study inclusion and exclusion process

10
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Characteristics

# of Studies (%)

Number of studies
Year of publication
2017
2018
2019
Journals
Lancet
New England Journal of Medicine
Journal of the American Medical Association
British Medical Journal
Annals of Internal Medicine
Intervention clinical area
Cardiology
Oncology
Gynaecology/Obstetrics/Paediatrics
Osteoarthritis/Inflammatory
Virology/Immunology/Infectious disease
Neurology
Pulmonology/Respiratory
Nephrology/Hepatology/Gastroenterology
Others
Intervention type
Drug
Surgical/Medical device/Others
Study type
Superiority trial
Non-inferiority trial
Equivalence trial
Single/multi-centre
Multi-centre trial
Single-centre trial
Funding type
Govt./charity/public institution funded
Pharmaceutical/Bio-technological company funded
Blinding type
Unblinded/Open label
Double blinding
Single blinded
Randomization sequence generation
Adequate
Inadequate
Allocation concealment
Concealed
Not concealed
Placebo/Active control
Active control/Usual treatment
Placebo
Follow up duration
> 6 months
6 months or less
Type of primary outcome
Binary/Ratio
Continuous
Non-adherence

%Non-adherence in treatment group: Median%, range

Non-adherence type
Treatment protocol non-adherence only
Treatment or trial protocol non-adherence
Undefined

Participant characteristics
Participant recruited: Mean (SD)
Age: Mean (SD)
Y%Male

156 (100)

51(13)
82 (53)
53 (34)

66 (42)
44 (28)
36 (23)
10 (6)
0(0)

39 (25)
18 (12)
18 (12)
11(7)
12 (8)
10 (6)
10 (6)
9 (6)
29 (19)

89 (57)
67 (43)

109(70)
45 (29)
2(1)

150 (96)
6 (4)

58(63)
58 (37)

90 (58)
49 (31)
17 (11)

106 (68)
50 (32)

50(58)
66 (42)

;21(78)
35 (22)

55(54)
71 (46)

133 (85)
23 (15)

9%, 1-77

80 (51%)
74 (47%)
3 (2%)

1752 (3532)
50 (20)
156 (54)

All characteristics are expressed in frequency and percent unless expressed otherwise

Table 1: Study-level characteristics of included RCTs
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Pooled comparison between PP and ITT estimates

Table 2 presents the results for primary and exploratory analyses. A total of 157
comparisons across 156 trials contributed data for meta-analysis. The pooled ROR showed
that trials’ reported PP estimates were on an average 2% larger compared to their ITT
estimates, rejecting the null hypothesis that the PP estimates are not significantly different to
the ITT estimates (ROR: 1.02, 95% CI: 1.00 to 1.04, p = 0.03). When analysis was restricted
the studies those reported PP estimates due to the non-adherence to treatment protocol, the

effect was slightly larger (N = 80; ROR: 1.04, 95% CI: 1.01 to 1.06, p = 0.01).

Ratio of odds

Analyses type N Ratio (ROR) (95% Study heterogeneity

2(RO
cl) 2 (2 %)

Primary outcome: Comparing PP vs. ITT - - -

PP vs. ITT (All studies) 157 1.02 (1.00 to 1.04)* 0.00 (0.00)

Meta regression (PP vs. ITT)?2 154 - -

%Nonadherence - 1.02 (1.00 to 1.04)** —

ITT results (Positive vs. Negative trials)° - 1.06 (1.01 to 1.11)* -

2Meta-regression: Effects of other study characteristics were not significant. Regression coefficient corresponds to 10% increase in
non-adherence

bPositive trials’: statistical superiority of treatment versus control group. ‘Negative trials’: no statistical superiority of treatment versus
control group or statistical superiority of control versus treatment group

*denotes p<0.05, **p<0.01; 1% Between study variance; /- Heterogeneity statistic

Table 2: Primary outcome and meta regression

Impact of the level of non-adherence

Meta-regression results in Table 2 shows that the protocol non-adherence rate was
significantly associated with greater PP estimates (ROR: 1.02, 95% CI: 1.00 to 1.04, p =
0.02). Since non-adherence rate is in proportion scale, the coefficient was rescaled dividing
by 10 so that one-unit increase corresponds to 10% non-adherence. The divergence in ROR
estimates compared to the ITT increased with increasing levels of protocol non-adherence.
Figure 2 shows that at non-adherence rate 10%, PP estimates were significantly different
from ITT (p = 0.04) and diverging further from the ITT estimates significantly as non-

adherence rate increases.

12
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Fig 2: Comparison of PP vs ITT and CACE vs ITT estimates against level of non-

adherence in treatment group

Subgroup comparisons and sensitivity analyses

24 trials employed some forms of mITT analyses and excluding these trials did not change

the overall effect size estimated earlier (ITT vs PP - ROR: 1.03, Cl: 1.00 to 1.05, p = 0.03).

Figure 3 presents the overall pooled estimate with heterogeneity statistics besides

presenting effect sizes by study characteristics. None of the differences between the study
characteristics showed any statistical significance apart from the studies reporting significant
ITT treatment effect which also appear to have presented larger PP estimate (p = 0.03).

Sensitivity analyses using wide range of within-study bivariate correlations (r = 0 ~ 0.90)

between the ITT and PP showed no change in ROR estimates and p-values remained

significant with correlation as strong as r = 0.90 (Supplementary Figure 1, panel-a).

13
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Number of studies

Ratio of odds ratios (ROR)

Study characteristics p-value* Effect size [95% Cl] [95% Cl] p-value
Intervention
Drug 90 1.01[0.98, 1.03] 0.489
Surgical/Medical device/Others 67 —i— 1.04[1.01, 1.08] 0.009
Test of group differences: Q,(1) =2.78, p = 0.10
Trial
Non-inferiority 47 —— 1.00[0.97, 1.03] 0.921
Superiority 110 —— 1.03[1.01, 1.06] 0.005
Test of group differences: Q,(1) = 3.12, p = 0.08
Funding
Charity/govt/public 98 —— 1.03[ 1.00, 1.06] 0.034
Pharmaceutical/private 59 —— 1.01[0.98, 1.04] 0.378
Test of group differences: Q (1) = 0.65, p = 0.42
Blinding
Single/Double blinded 67 —i— 1.01[0.98, 1.04] 0.464
Unblinded 90 —— 1.03[1.00, 1.06] 0.023
Test of group differences: Q,(1) = 1.10, p = 0.29
Sequencing
Inadequate 50 — 1.02[0.98, 1.05] 0.297
Adequate 107 —il— 1.02[1.00, 1.05] 0.059
Test of group differences: Q (1) = 0.03, p = 0.85
Concealment
Not concealed 66 —i— 1.04[1.01, 1.07] 0.024
Concealed 91 —— 1.01[0.99, 1.04] 0.314
Test of group differences: Q (1) = 1.53, p = 0.22
Placebo
Active/Usual treatment 121 —il— 1.02[ 1.00, 1.05] 0.029
Placebo 36 — 1.01[0.97, 1.05] 0.618
Test of group differences: Q (1) = 0.40, p = 0.53
Duration
6month or less 72 ——— 1.02[0.99, 1.05] 0.227
>6 month 85 —i— 1.03[1.00, 1.05] 0.067
Test of group differences: Q (1) = 0.19, p = 0.67
Outcome
Continuous 23 —— 1.08 [ 1.01, 1.14] 0.017
Binary/Ratio 134 i 1.02[0.99, 1.04] 0.143
Test of group differences: Q,(1) = 3.23, p = 0.07
mITT
mITT 24 — 1.01[0.97, 1.05] 0.711
Not-mITT 133 —— 1.03 [ 1.00, 1.05] 0.025
Test of group differences: Q,(1) = 0.54, p = 0.46
ITT Results
Negative trials 105 —— 1.01[0.99, 1.03] 0.340
Positive trials 52 —— 1.07 [1.02, 1.11] 0.003
Test of group differences: Q,(1) = 4.88, p = 0.03
Overall ‘ 1.02[ 1.00, 1.04] 0.032

ity 12 = = o -
Heterogeneity: 12 = 0.00, 12 = 0.00%, H2 = 1.00 PP smaller| PP greater
Test of 6, = 6 Q(156) = 85.98, p = 1.00

T 1

Random-effects ML model

0.95

1.00

*p-values from test of interactions between outcome and study characteristics

key trial characteristics

14

Fig 3: Ratio of odds ratios comparing PP vs ITT treatment effect in trials stratified by



O J o U b Wb

Ao OYUT U U1 U UrTOrOrTOrOTUdR DD BB DDDWWWWWWWWWWNDMDDNDNDNDNDNDNNDNNMNNNRERRRPRRRERRR
O WNhHFHROoOWwWOJdJouUldbdWNhRFRPROOWOJdJOUPd WNEPFPOWOWOJOUDd WNREFE O WO JoUdWNEFE OWOJoY U b wh - O

Publication bias
The test of small study publication bias for both binary outcome and continuous outcome
suggested that there was no small study effects as both tests were statistically non-

significant (Harbord test: p = 0.12, Egger test: p = 0.63).

Exploratory analyses: Comparison of ITT and PP with CACE

When comparison was made between the ITT and CACE (Supplementary Table 1,
Supplementary Figure 2), pooled CACE estimate was 3% larger compared to the ITT
estimates (ROR: 1.03, 95% CI: 1.00 to 1.05, p = 0.02). In meta-regression (Supplementary
Table 1), higher non-adherence rate showed association with greater CACE estimates
(ROR: 1.03, 95% CI: 1.00 to 1.05, p = 0.03). However, association of CACE estimates with
non-adherence was not linear. We found CACE estimates were not significantly different to
ITT estimates (p>0.05) when non-adherence rate was below <25% (Figure 2). Sensitivity
analyses showed that ROR remains unchanged at wide range of within study correlations
(Supplementary Figure 1b). We found no difference when comparison was made between

CACE and PP estimates (ROR: 1.00, 95% CI: 0.98 to 1.03, p = 0.72) (Supplementary Table

1),

Discussion

Our meta-epidemiology study primarily sought to test the null hypothesis of no difference in
RCT treatment effects when estimated by the PP analysis compared to the ITT analysis. We
found evidence that PP analysis results in larger treatment effects than ITT analysis of RCTs
thus rejecting the null hypothesis. Although the average increase in treatment effect size
was relatively small (2%), the magnitude of this difference increased with higher levels of
non-adherence to the trial protocol i.e., eligibility, interventions, and outcome assessment.
For example, we estimate that a trial with 20% trial protocol non-adherence will result in a

PP estimate 5% larger than ITT (ROR: 1.05, 95% CI: 1.02 to 1.07, p = 0.01).

15
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The PP analysis compares outcomes of the intervention according to initial random
allocation but excluding participants who do not adhere to the trial protocol in terms of
eligibility, interventions, or outcome assessment.' The method therefore not only is exposed
to selection bias but also relies on implausible assumptions that known/unknown
confounders for prognosis factors are same between those excluded versus those retained.
While majority of these studies reported PP analysis as a form of sensitivity analysis
alongside ITT, 37% of the studies (N = 57) discussed PP results in the discussion section
and emphasised their findings. Almost all studies, used PP estimates to confirm the
robustness of the trial findings by statements such as “Analysis of the primary outcome in
the per-protocol population confirmed this result’ or “We undertook a per protocol analysis
for the primary outcome to check the robustness of conclusions”, which in our view may
critically cloud the clinical judgement. The possibility of selection bias and our evidence of

inflated PP estimate thus suggest that PP method in RCTs should be avoided.

Several statistical methods'! have been developed for estimating the causal treatment
effects that take account of the intervention nonadherence without introducing the biases
inherent to PP analyses. CACE and Instrumental Variable (IV)® methods are two such
unbiased alternatives to the ITT when adherence to the treatment is suboptimal and the
estimated treatment effect has the ability to infer ‘causal’ effect. In this review, our
exploratory analysis showed that the CACE method is more likely to provide estimates
closer to ITT when non-adherence rate is below 25% i.e., lower bound of 95% confidence
interval overlaps with ROR = 1.00 with statistical significance p>0.05 (Figure 2). This
probably suggests that the CACE is as good an alternative method as the ITT under low
non-adherence. Our finding conforms with past simulation study that showed ITT and CACE
to have equal power when number of patients in ‘never-takers’ stratum is low.2?° Figure 2
also shows the exponential departure of CACE estimates from the ITT as non-adherence

rate further increases. At this level of non-adherence, perhaps none of the estimates are
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reliable and our finding conforms with previous study finding where unreliably large CACE
estimates have been reported in the presence of high non-adherence.*®* CACE method is a
randomisation-based efficacy estimator and in our evidence, its conformity with the ITT
under certain levels of non-adherence (<25%) makes it a better supplement to ITT.
However, it is also important to note that the estimation procedure of CACE may be complex

when multiple arms are involved or switching between arms is not restricted.?% 31-33

Limitations and strengths

In a meta-epidemiological setting, we believe this to be the first study to empirically quantify
the potential divergence associated with the PP analysis relative to the ITT analysis in
estimating treatment effect under non-adherence in RCTs. The majority of our selected
articles (79%) provided necessary information required therefore indirect variance estimation
was minimal, which provided strong reliability of our estimates. However, we recognise our
study had limitations. First, we limited our study to the RCTs published in selected high
impact general medical journals and our sample may not be representative of all published
RCTs. Second, as we selected only those RCTs that reported both ITT and PP, it is possible
that we retrieved studies that only had insignificant treatment effects from ITT and
investigators therefore additionally reported PP estimates with the anticipation of a greater
treatment effect from the PP estimates. However, if this was the case, we would expect
studies with insignificant ITT results to be positively associated with studies with larger PP
estimates. We did not find any such association: 31% (49/157) of our studies reported
treatment effects using both ITT and PP methods when both were statistically significant at
least at p<0.05 and 64% (101/157) reported results using both methods when both were
statistically non-significant at p>0.05. The y? test statistic of association whether studies with
significant/insignificant ITT estimates reported smaller/greater PP estimates was not
statistically significant (y?>= 0.81, p=0.37). Third, to undertake this study we had to assume a
within-study bivariate correlation between ITT and PP. Reassuringly, our findings remained

robust to the sensitivity analyses we carried out using a wide of range correlations. Fourth,
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our derived CACE estimates are moment based rather model based and the assumption of
‘compliers’ stratum may not be as precise as it would have been if they were reported by the
study investigators. Fifth, since the AT method destroys randomisation, we have not focused
on this method in this study. Finally, because of the large number of studies, we could not
provide a legible forest plot, but we provided a bubble plot with study specific weights that

contributed towards the estimation of effect sizes (Supplementary Figure 3).

Policy implications

The CONSORT guideline requires RCTs to present results using the ITT method and use of
PP is discouraged." High rates of protocol non-adherence make all forms of analyses
including the ITT unreliable. However, both the ITT and CACE involve the maintenance of
randomisation, enabling an efficacy estimation that is shielded against selection bias,
whereas PP is not shielded against selection bias. In addition, CACE estimates were similar
to ITT estimates at higher levels of treatment non-adherence (compared to PP) making it an

attractive supplement to ITT.

Conclusions

This study confirmed that there is a significant level of treatment effect overestimation with
PP analysis relative to ITT analysis. Whilst at an absolute level this overall overestimation
was relatively small, we also found an increasing overestimation of treatment effect at higher
rates of protocol non-adherence in terms of eligibility, interventions, and outcome
assessment. Given the potential for selection bias, this argues that PP estimates should be
avoided in the context of RCTs testing superiority. Further research including meta-
epidemiological studies using individual patient data and simulation methods are required to

confirm these findings.
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Supplementary Figure 1:

Supplementary Figure 1:

p-values (y-axis:1) and effect sizes (y-axis:2) for various correlations
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Supplementary Table 1: Comparison of CACE estimates with ITT and PP

Rat'? of odds Study heterogeneity
Analyses type N Ratio (ROR) 2 (R
(95% Cl) (£ %)

Exploratory analysis: Comparison with CACE - = —
CACE vs. ITT (All studies) 116 1.03 (1.00 to 1.05)* 0.00 (0.00)
CACE vs. PP (All studies) 116 1.00 (0.98 to 1.03) 0.00 (0.00)
Meta regression? - - -
CACE vs. ITT 116 - -
%Nonadherence — 1.03 (1.00 to 1.05)* -

ITT results (Positive vs. Negative trials)® — 1.07 (1.00 to 1.13)* -
CACE vs. PP 116 - -
%Nonadherence - 0.99 (0.97 to 1.02) -

2Meta regression: Effects of other study characteristics were not significant. Regression coefficients correspond to 10% increase in non-
adherence

bPositive trials’: statistical superiority of treatment versus control group. ‘Negative trials’: no statistical superiority of treatment versus control
group or statistical superiority of control versus treatment group

*denotes p<0.05; 1% Between study variance; ?: Heterogeneity statistic
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Supplementary Figure 2:

Supplementary Figure 2:CACE vs ITT by key trial characteristics

Number of studies

Ratio of odds ratios (ROR)

Study characteristics p-value* Effect size [95% Cl] [95% CI] p-value
Blinding
Single/Double blinded 51 —— 1.03[0.99, 1.06) 0.140
Unblinded 65 —— 1.03[ 1.00, 1.06) 0.076
Test of group differences: Q,(1) = 0.03, p = 0.86
Concealment
Not concealed 49 —— 1.04 [ 1.00, 1.09] 0.057
Concealed 67 —— 1.02[0.99, 1.05] 0.135
Test of group differences: Q,(1) = 0.54, p = 0.46
Sequencing
Inadequate 36 -—— 1.03[0.99, 1.08] 0.150
Adequate 80 —i— 1.03[ 1.00, 1.05] 0.069
Test of group differences: Q,(1) = 0.08, p =0.78
Trial
Non-inferiority 36 —— 1.00[0.96, 1.03] 0.856
Superiority 80 —a— 1.05[1.02, 1.08] 0.002
Test of group differences: Q,(1) = 4.27, p = 0.04
Intervention
Drug 68 —— 1.03[ 1.00, 1.06] 0.098
Surgical/Medical device/Others 48 —— 1.03[0.99, 1.07] 0.104
Test of group differences: Q,(1) = 0.09, p =0.77
Funding
Charity/govt/public 78 +—— 1.03[ 1.00, 1.06] 0.099
Pharmaceutical/private 38 —— 1.03[0.99, 1.07] 0.108
Test of group differences: Q,(1) = 0.01, p =0.91
Duration
6month or less 63 —— 1.03 [ 1.00, 1.06] 0.070
>6 month 53 —— 1.03[0.99, 1.06] 0.154
Test of group differences: Q,(1) = 0.03, p = 0.87
Outcome
Continuous 16 —a— 1.10[1.03, 1.18] 0.003
Binary/Ratio 100 -+ 1.02[0.99, 1.04] 0.183
Test of group differences: Q,(1) = 5.10, p = 0.02
mITT
mITT 17 —i— 1.01[0.97, 1.06] 0.608
Not-mITT 99 —i— 1.03[ 1.01, 1.06] 0.017
Test of group differences: Q,(1) = 0.69, p = 0.41
ITT Results
Negative trials 80 - 1.02[0.99, 1.04] 0.207
Positive trials 36 —— 1.08[1.02, 1.15] 0.005
Test of group differences: Q,(1) =4.12, p = 0.04
Overall O 1.03[1.00, 1.05] 0.021

i 12 = - o, =
Heterogeneity: 12 = 0.00, 12 = 0.00%, H2 = 1.00 CACE smaller | CACE greater
Test of 8, = 6;: Q(115) = 79.57, p = 1.00

r T

Random-effects ML model

0.95

1.00 1.15

*p-values from test of interactions between outcome and study characteristics
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Supplementary Figure 3:

Supplementary Figure 3: Distribution of study effect sizes (ROR)
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