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Background
In randomized controlled trials (RCTs), the most com-
monly analyzed populations are the intention-to-treat
(ITT) and per protocol (PP) populations [1, 2]. The ITT
population includes all patients, analyzed in their ran-
domized treatment arms regardless of whether they took
the treatment or completed the study [1]. In some stud-
ies, there are pre-defined modifications to the ITT popu-
lation, such as including only patients who received at
least one treatment dose [3]. This is sometimes referred
to as modified ITT [3]. Hereafter, we use the term ITT
population to include this modified ITT population. The
PP population typically includes only patients who com-
pleted the study according to the protocol [1, 2].
ITT and PP analyses may differ in terms of how con-

servative the results are. Risk differences are usually cal-
culated as success rate in the treatment arm minus the
control arm, which is the absolute risk reduction (ARR).
For the ARR point estimate and confidence interval (CI),
the more conservative estimate would be smaller (more
negative), which would favor the control arm more.
Most non-inferiority trials use the lower CI limit to con-
clude on non-inferiority [4]. The treatment arm is non-
inferior if the lower CI limit is bigger (more positive)
than the non-inferiority margin. A more conservative
and smaller (more negative) lower CI limit would be less
likely to exclude the non-inferiority margin and thus
more likely to reject non-inferiority.
ITT analysis is considered more conservative (less

likely to find a difference between groups) than PP ana-
lysis in superiority RCTs, because the estimated treat-
ment effect using ITT analysis may be diluted by
inclusion of participants who did not receive the inter-
vention [5]. In non-inferiority trials, however, this dilu-
tion and tendency towards making outcomes in the two
treatment arms look similar may lead to inappropriate
claims of non-inferiority [6–9]. Following this line of
thought, PP analysis would be more conservative (less
likely to declare non-inferiority) than ITT analysis and
preferable as the primary analysis of non-inferiority trials
[6].
Recent studies have challenged the notion that PP ana-

lysis is more conservative in non-inferiority trials. Simu-
lation studies have identified scenarios where PP analysis
was more conservative and other scenarios where it was
not [10, 11]. However, there is little empirical evidence
to date. One study did not find a significant difference
between ITT and PP analyses in asthma trials [12].

Another study on antibiotic non-inferiority trials found
a trend that ITT analysis may be more conservative than
PP analysis, but was unable to draw definitive conclu-
sions [13].
Of non-inferiority RCTs on drug therapy, anti-

infective agents are the most common type of drug be-
ing evaluated [14]. For non-inferiority trials on antibi-
otics, the Food and Drug Administration (FDA)
recommends ITT as the primary analysis [15–19]
whereas the European Medicines Agency (EMA) recom-
mends both ITT and PP as co-primary analyses [20]. We
recently performed a systematic review on antibiotic
non-inferiority trials [21]. In this secondary analysis, we
compared ITT and PP analyses, with the aims of asses-
sing (i) the claim that PP analysis is more conservative
with respect to the point estimate as well as lower CI
limit and (ii) whether the FDA or EMA recommenda-
tions should guide the preferred analysis and reporting
strategies.

Methods
This was a secondary analysis of a previously conducted
systematic review (PROSPERO CRD42020165040) [21].
The review was conducted and reported according to
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses guidelines (checklist in Additional
file 1: Appendix Text 1) [22].

Data sources and selection criteria
We searched MEDLINE, Embase and the Cochrane
Database of Systematic Reviews from inception to No-
vember 22, 2019. The detailed search strategy is de-
scribed in Additional file 1: Appendix Text 2. We used
the FDA drugs database to supplement our search [23].
For novel antibiotics that were approved by the FDA, we
read through the drug approvals and labels to find the
non-inferiority RCTs that supported the approval and
were also published in journal articles.
We included studies published in English that were

identified as non-inferiority RCTs in humans comparing
two or more systemic antibiotic regimens used to treat a
bacterial infection. Studies were included if the treat-
ment and control arms were specific antibiotic regimens.
Each arm within the trial should have a different anti-
biotic regimen.
Commentaries, reviews, study protocols, secondary

analysis, and conference proceedings were excluded. We
also excluded trial registrations where the results were
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difference in point estimate and lower CI between ITT
and PP analyses are shown in Additional file 1: Appen-
dix Fig. 2. The point estimates from ITT and PP analyses
were not statistically different (Fig. 3). Compared to PP
analysis, ITT analysis had wider CIs (median of 13.3%
vs. 12.4%; p < 0.0001) and more conservative lower CI
limits (median of − 7.5% vs. -6.9%; p = 0.0402) (Fig. 4).
If the calculated two-sided 95% CI relative to the

non-inferiority margin was used to determine non-
inferiority, the results of the ITT and PP analyses
would be concordant in 143 (87.2%) cases (Additional
file 1: Appendix Table 4). Of the discordant cases,
non-inferiority was proven in the ITT analysis but in-
conclusive in the PP analysis in 7 (4.3%) cases,
whereas non-inferiority was proven in the PP analysis
but inconclusive in the ITT analysis in 12 (7.3%)

studies. Two comparisons did not provide a non-
inferiority margin.

Exploratory analyses
In both the univariate and multivariable linear regression
models, the proportion of ITT population included in
the PP population for the treatment group and control
group had statistically significant correlations with the
difference between ITT and PP lower CI limit (Tables 4
and 5). In the multivariable model, there was a trend
where studies at low risk for allocation concealment bias
and performance bias were associated with a smaller
ITT lower CI limit. Multivariable linear regression
weighted by the sample size in the ITT population
yielded similar results (Additional file 1: Appendix
Table 5).

Table 1 Study characteristics

All comparisons within studies
(N = 164)

Primary analysis population as per author

ITT only 42 (25.6%)

PP only 45 (27.4%)

ITT and PP 55 (33.5%)

Not specified 22 (13.4%)

Sample size per group in the ITT population, Median (IQR) 221.5 (129.5, 326.0)

Proportion of treatment arm in the ITT population that was included in the PP population, Median (IQR) 0.86 (0.79, 0.93)

Proportion of control arm in the ITT population that was included in the PP population, Median (IQR) 0.87 (0.77, 0.92)

Definition of ITT

Based on assignment alone 54 (32.9%)

Use of drug at least once 95 (57.9%)

Other exclusion criteria used 34 (20.7%)

PP population clearly defined 138 (84.2%)

Definition of PP population

Exclusion based on concomitant therapy 96 (58.5%)

Exclusion based on incompliance 123 (75.0%)

Exclusion based on lost to follow-up 118 (72.0%)

Exclusion based on withdrawn from study due to other reasons 29 (17.7%)

Exclusion for other reasons 28 (17.1%)

Description of methods for handling missing data 64 (39.0%)

Missing data methods used

Missing data as failure 58 (35.4%)

Tipping point analysisa 3 (1.8%)

Multiple imputation 4 (2.4%)

Last outcome carried forward 2 (1.2%)

CI reported

2-sided 95% or 1-sided 97.5% CIb 142 (86.6%)

CI Confidence interval, IQR Interquartile range, ITT Intention-to-treat, PP Per-protocol
aTipping point analysis assumes that all missing patients in the treatment group were failures and all missing patients in the control group were successes
bOther CIs include 1-sided 95% CI (N = 4), 2-sided 90% (N = 9), 2-sided 97.5% (N = 4). Five studies did not report any CI
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The median estimated ARR was 0% (IQR − 5.9 to
3.2%) for the excluded population and − 0.2% (IQR − 2.6
to 2.2%) for the PP population (p = 0.4335) (Additional
file 1: Appendix Figure 3). The median success rate for
the treatment and control arms combined was 44% (IQR
23 to 60%) in the excluded population and 89% (IQR 82
to 93%) in the PP population (p < 0.0001) (Additional file
1: Appendix Figure 4). The success rate for the treat-
ment arm in the excluded and PP population are shown
in Additional file 1: Appendix Figure 5, whereas the suc-
cess rate for the control arm in the excluded and PP

population are shown in Additional file 1: Appendix Fig-
ure 6.
The Egger’s regression test for funnel plot asymmetry

of all ITT and PP analyses (Additional file 1: Appendix
Figure 7) had a p-value of 0.9132. The funnel plots for
ITT analyses only and PP analyses only are shown in
Additional file 1: Appendix Figure 8 and 9 respectively.

Discussion
In this systematic review of antibiotic non-inferiority tri-
als, ITT analysis was more conservative than PP analysis
in the majority of cases. In general, ITT analysis had
wider CIs and more conservative lower CI limits than
PP analysis. Although the difference between the lower
CI limits of the ITT and PP analyses were small on aver-
age, there was a substantial variation at the individual
trial level. For example, in two studies, this difference
was larger than the non-inferiority margin itself. The
substantial variation at the individual study level led to
different conclusions on non-inferiority by ITT and PP
analyses in approximately 12% of studies if non-
inferiority was determined based on our calculated two-
sided 95% CI relative to the specified non-inferiority
margin in the study.
Although one might expect that the larger sample size

in ITT would result in a narrower CI, the opposite was
true in our study. The success rate of the excluded
population was on average half that in the PP population
in both the treatment and control arms, as shown in
Additional file 1: Appendix Figs. 4,5 and 6. There are
two ways that could lead to lower success rate in the ex-
cluded population. First, failure could occur more often
in patients who could not adhere to treatment protocols
or complete the study. Second, counting missing data as
failure was the most common method of handling miss-
ing data and would significantly lower the success rate
of the excluded population. As a result, the ITT analysis,
which uses the combined PP and excluded population,
tends to have an overall success rate closer to 50%, the
value that maximizes the variance of the estimated ARR,
resulting in a larger variance and thus a wider CI in the
ITT analysis [13]. Since ITT and PP analyses had on
average similar estimated ARRs, the wider CI was the

Table 2 Risk of bias assessment

All comparisons within studies (N = 164)

Randomization

High risk 3 (1.8%)

Low risk 110 (67.1%)

Unclear 51 (31.1%)

Allocation concealment

High risk 3 (1.8%)

Low risk 74 (45.1%)

Unclear 87 (53.1%)

Performance bias

High risk 75 (45.7%)

Low risk 84 (51.2%)

Unclear 5 (3.1%)

Detection bias

High risk 58 (35.4%)

Low risk 100 (61.0%)

Unclear 6 (3.7%)

Attrition bias

High risk 51 (31.1%)

Low risk 108 (65.9%)

Unclear 5 (3.1%)

Reporting bias

High risk 28 (17.1%)

Low risk 136 (82.9%)

Unclear 0 (0%)

Table 3 Comparison of ITT to PP outcomes in terms of ARR

PP Median
(IQR)

ITT Median
(IQR)

Difference ITT – PP Median
(IQR)

Wilcoxon signed-rank test p-
value

PP analysis is more conservative
N (%)

Point
estimate

−0.2 (−2.6, 2.2) 0.04 (− 2.6, 2.6) − 0.01 (− 1.6, 1.9) 0.7025 81 (49.4%)

CI width 12.4 (9.7, 16.6) 13.3 (11.2, 17.5) 0.9 (−0.4, 2.0) < 0.0001 58 (35.4%)

Lower CI
limit

−6.9 (− 10.0,
−4.0)

−7.5 (− 10.3,
−4.7)

−0.5 (− 1.8, 1.2) 0.0402 72 (43.9%)

A positive value for the difference in CI width indicates less precise estimation of the ARR with ITT analysis. A negative difference for the lower CI limit signifies
that the PP lower CI limit lies above the ITT CI limit, so ITT analysis has a more conservative result
ARR Absolute risk reduction, CI Confidence interval, IQR Interquartile range, ITT Intention-to-treat, PP Per-protocol
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analysis in practice. The difference in results be-
tween the two analysis strategies will depend on
many factors and as a result, there is no justification
for the omission of ITT analysis in non-inferiority
trials. The PP population excludes patients based on
post-randomization information such as missingness
and compliance, introducing the potential for bias
[10]. These considerations suggest that ITT should
be the primary or co-primary analysis in non-
inferiority trial of antibiotics, in line with the current
FDA and EMA recommendations for reporting of
non-inferiority trials [15–20]. There is room for im-
provement in reporting of ITT analysis in non-
inferiority trials. For example, in our systematic re-
view, approximately 10% of non-inferiority trials did
not report an ITT analysis and 27% of non-
inferiority trials that reported both ITT and PP ana-
lyses used PP analysis as the primary analysis.

Since the success rate of the ITT population that was
excluded from the PP population significantly impacts
the CI for the ITT analysis, the handling of missing data
in ITT analysis has important consequences on conser-
vatism. Future non-inferiority trials should pay attention
to the methodology of how to handle missing data and
describe it in detail in the publication. In our study, only
39% studies described how missing data was handled. Of
the ways to handle and impute missing data, counting
missing data as failure is the most common method.
This would decrease the success rate in the ITT popula-
tion and likely lead to a wider and more conservative CI.
From the perspective of conservatism, this is likely an
appropriate method in most studies. It should be noted
that the tipping point analysis where missing data were
counted as failures in the treatment arm and successes
in the control arm has been used in trials and likely
yields an even more conservative result.

Table 5 Multivariable linear regression of difference between ITT lower CI and PP lower CI on study characteristics and risk for bias

Predictors Co-efficient (95% CI) P-value

PP exclusion based on concomitant therapy −0.81 (− 1.93 to 0.31) 0.1558

Low risk for allocation concealment bias −0.74 (− 1.82 to 0.35) 0.1810

Low risk for performance bias −1.35 (− 2.94 to 0.24) 0.0960

Low risk for detection bias 0.70 (−0.97 to 2.37) 0.4076

Proportion of treatment arm in the ITT population that was included in the PP population per every 10% 2.89 (2.13 to 3.65) < 0.0001

Proportion of control arm in the ITT population that was included in the PP population per every 10% −2.73 (−3.37 to − 2.09) < 0.0001

The dependent variable in the model is ITT lower CI limit minus PP lower CI limit. Therefore, a negative co-efficient is associated with a smaller ITT lower CI limit,
so the ITT analysis is more conservative than PP analysis. Conversely, a positive co-efficient is associated with a smaller PP lower CI limit, so the PP analysis is more
conservative than the ITT analysis
CI Confidence interval, ITT Intention-to-treat, PP Per-protocol

Table 4 Univariate linear regression of difference between ITT lower CI and PP lower CI on study characteristics and risk for bias

Predictors Co-efficient (95% CI) P-value

ITT based on assignment alone −0.21 (− 1.60 to 1.18) 0.7654

ITT based on use of drug at least once 0.01 (−1.31 to 1.34) 0.9823

PP exclusion based on concomitant therapy −1.35 (− 2.66 to −0.04) 0.0439

PP exclusion based on incompliance 0.55 (−0.96 to 2.05) 0.4764

PP exclusion based on lost to follow-up 0.41 (−1.04 to 1.87) 0.5757

Proportion of treatment arm in the ITT population that was included in the PP population per every 10% 0.70 (0.09 to 1.32) 0.0247

Proportion of control arm in the ITT population that was included in the PP population per every 10% −0.90 (−1.42 to −3.72) 0.0009

Missing data as failure −0.68 (− 2.05 to 0.68) 0.3263

Tipping point analysis − 2.66 (−7.53 to 2.21) 0.2818

Multiple imputation −1.49 (−5.72 to 2.75) 0.4892

Low risk for allocation concealment bias −0.87 (−2.17 to 0.44) 0.1936

Low risk for performance bias −1.69 (−2.97 to −0.40) 0.0104

Low risk for detection bias −1.21 (−2.54 to 0.11) 0.0728

Low risk for attrition bias −0.56 (−1.93 to 0.82) 0.4264

The dependent variable in the model is ITT lower CI limit minus PP lower CI limit. Therefore, a negative co-efficient is associated with a smaller ITT lower CI limit,
so the ITT analysis is more conservative than PP analysis. Conversely, a positive co-efficient is associated with a smaller PP lower CI limit, so the PP analysis is more
conservative than the ITT analysis
CI confidence interval, ITT Intention-to-treat, PP Per-protocol
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The strength of our study is in the systematic and
comprehensive literature search that includes the largest
number of non-inferiority trials to date for comparison
of ITT and PP analyses.
The study has several limitations. First, most abstracts

were screened by a single person. However, the first 300
abstracts screened by each reviewer were doubled
checked by another person to ensure consistency in the
screening process. Second, there may be publication
bias. We were only able to analyze studies that reported
both ITT and PP analyses. For studies that reported ei-
ther ITT or PP analysis only, it may be possible that the
other analysis was omitted on purpose because it was
too conservative and resulted in the study being a nega-
tive study. However, the funnel plots (Additional file 1:
Appendix Figs. 7,8 and 9) and Egger’s regression test did
not reveal any significant asymmetry. Third, our study
described non-inferiority trials on antibiotics. Non-
antibiotic trials may be different. For example, the pro-
portion excluded from PP analysis based on compliance
would be much higher for a trial on an oral cardiac
medication to be taken for months versus an intraven-
ous antibiotic to be administered for 7 days by the nurse
in the intensive care unit. Therefore, future research
should test whether our study findings can be applied to
non-antibiotic trials.

Conclusions
Our systematic review of antibiotic non-inferiority trials
showed that ITT analysis on average produced wider
CIs and was more conservative than PP analysis. Given
that ITT is less prone to bias when an appropriate
method for handling missing data is used, reporting of
ITT analysis should be mandatory and ITT analysis
should be the primary or co-primary analysis for non-
inferiority trials on antibiotics.
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