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Abstract

Background: After an initial recommendation from the World Health Organisation, trials of patients hospitalised with
COVID-19 often include an ordinal clinical status outcome, which comprises a series of ordered categorical variables,
typically ranging from ‘Alive and discharged from hospital’ to ‘Dead’. These ordinal outcomes are often analysed using a
proportional odds model, which provides a common odds ratio as an overall measure of effect, which is generally inter-
preted as the odds ratio for being in a higher category. The common odds ratio relies on the assumption of proportional
odds, which implies an identical odds ratio across all ordinal categories; however, there is generally no statistical or bio-
logical basis for which this assumption should hold; and when violated, the common odds ratio may be a biased repre-
sentation of the odds ratios for particular categories within the ordinal outcome. In this study, we aimed to evaluate to
what extent the common odds ratio in published COVID-19 trials differed to simple binary odds ratios for clinically
important outcomes.

Methods: We conducted a systematic review of randomised trials evaluating interventions for patients hospitalised with
COVID-19, which used a proportional odds model to analyse an ordinal clinical status outcome, published between
January 2020 and May 202 1. We assessed agreement between the common odds ratio and the odds ratio from a stan-
dard logistic regression model for three clinically important binary outcomes: ‘Alive’, ‘Alive without mechanical ventila-
tion’, and ‘Alive and discharged from hospital’.

Results: Sixteen randomised clinical trials, comprising 38 individual comparisons, were included in this study; of these,
only 6 trials (38%) formally assessed the proportional odds assumption. The common odds ratio differed by more than
25% compared to the binary odds ratios in 55% of comparisons for the outcome ‘Alive’, 37% for ‘Alive without mechani-
cal ventilation’, and 24% for ‘Alive and discharged from hospital’. In addition, the common odds ratio systematically
underestimated the odds ratio for the outcome ‘Alive’ by —16.8% (95% confidence interval: —28.7% to —2.9%, p = 0.02),
though differences for the other outcomes were smaller and not statistically significant (-8.4% for ‘Alive without
mechanical ventilation’ and 3.6% for ‘Alive and discharged from hospital’). The common odds ratio was statistically signif-
icant for 18% of comparisons, while the binary odds ratio was significant in 5%, 16%, and 3% of comparisons for the out-
comes ‘Alive’, ‘Alive without mechanical ventilation’, and ‘Alive and discharged from hospital’, respectively.

Conclusion: The common odds ratio from proportional odds models often differs substantially to odds ratios from
clinically important binary outcomes, and similar to composite outcomes, a beneficial common OR from a proportional
odds model does not necessarily indicate a beneficial effect on the most important categories within the ordinal
outcome.
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Background

Randomised trials of patients hospitalised with
COVID-19 often include ordinal ‘clinical status’ out-
comes,> which measure a patient’s clinical status at a
given time point using a scale of ordered clinical out-
come categories. For instance, a commonly used ordinal
scale ranges between ‘1 = Death’, ‘2 = Hospitalised
on mechanical ventilation’, up to ‘7 = Not hospita-
lised’. Ordinal outcomes are sometimes preferred to
simple binary outcomes (such as ‘Alive vs dead’), as
they incorporate additional information on patients’
health status, for instance, by distinguishing between
patients who are alive and discharged from hospital
versus those who are still in hospital on mechanical
ventilation, which are two very different health states.
This can enhance both clinical relevance and statistical
efficiency.**

Ordinal outcomes are frequently analysed using a
proportional odds model, which provides a single over-
all ‘common’ odds ratio (OR).>® This analysis relies on
the proportional odds assumption, which requires there
to be an identical OR across each category of the
ordinal scale. For instance, for the three-level ordinal
outcome in hypothetical trial in Table 1 (1 = Dead,
2 = Alive with mechanical ventilation, 3 = Alive
without mechanical ventilation), the proportional odds
assumption requires that the odds ratio for categories 1
versus 2-3 be the same as for categories 1-2 versus 3.
Then, the common OR represents the OR for being in
a higher category of the ordinal scale on intervention
compared to control.” For example, consider the
hypothetical data in the first three columns of Table 1;
the common OR is 1.5, which can be interpreted as the
intervention’s effect on each level of the ordinal scale,
that is, the intervention increases both the odds of
being alive versus dead by 50% and also the odds of
being alive without mechanical ventilation versus on
mechanical ventilation or dead by 50%. The use of the
common OR when the proportional odds assumption
holds can confer substantial sample size savings;® in
order to detect a common OR of 1.5, 764 patients are
required, compared to the 2526 patients required to
detect an OR of 1.5 for the binary outcome of ‘Alive vs
dead’.

However, there is typically no biological or statistical
reason as to why the proportional odds assumption
should be true, and when it is violated the interpreta-
tion of the common OR is more challenging.”'® For
instance, consider the data in the last two columns of
Table 1. Here, the intervention has a large impact on
mortality (OR for being alive 4.33), but a more modest

impact on reducing the need for mechanical ventilation
(OR for being alive without mechanical ventilation
1.36). The common OR is still 1.50, but this severely
underestimates the intervention’s effect on mortality.
Here, the common OR is calculated as some average of
the two binary ORs, and thus can suffer from the same
issues affecting more standard composite outcomes,''
where the overall treatment effect measure is not repre-
sentative of the intervention’s effect on certain compo-
nents of the outcome. Furthermore, instead of reducing
sample size requirements, the use of an ordinal outcome
in this setting actually increases the required sample size
(N = 767 for ordinal outcome versus N = 326 for bin-
ary ‘Alive vs dead’ outcome).

Given the widespread use of ordinal outcomes in
COVID-19 trials, we sought to empirically evaluate
their use in trials for patients hospitalised with COVID-
19 to determine (1) how frequently the proportional
odds assumption was formally assessed and 2) how
often the common OR deviated substantially compared
to clinically important binary ORs constructed from
the ordinal scale, including °‘Alive’, ‘Alive without
mechanical ventilation’, and ‘Alive and discharged
from hospital’.

Methods

We conducted a systematic review to identify rando-
mised trials in patients hospitalised with COVID-19,
where a proportional odds model was used to analyse
an ordinal clinical status outcome. For each eligible
trial, we evaluated whether the proportional odds
assumption was formally assessed, and then dichoto-
mised the ordinal scale into three clinically important
binary outcomes (‘Alive’, ‘Alive without mechanical
ventilation’, and ‘Alive and discharged from hospital’).
We then compared the OR for each of these three bin-
ary outcomes against the common OR from a propor-
tional odds model, to assess agreement.

Inclusion/exclusion criteria

The inclusion criteria consisted of randomised trials
evaluating treatments for patients hospitalised with
COVID-19, published between January 2020 and the
end of May 2021, which included clinical status on an
ordinal scale as a primary or secondary outcome.
Studies were also required to present an overall com-
mon OR for clinical status, estimated from a propor-
tional odds model, as well as the number of patients in
each category of the ordinal scale (to facilitate calcula-
tion of binary ORs). Observational studies, literature
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Table |. Sample size requirements for an ordinal outcome versus binary outcome in a hypothetical trial, both when the proportion

odds assumption is and is not true.

Proportional odds assumption true

Proportional odds assumption not true

Control
(% events)

Intervention
(% events)

Control
(% events)

Intervention
(% events)

Category of ordinal scale

|. Dead 10%
2. Alive with mechanical ventilation 35%
3. Alive without mechanical ventilation 55%

Sample size requirements
Proportional odds model for ordinal outcome
Expected odds ratio -
Required sample size® -
Odds ratio for binary outcome (‘Alive vs not alive’)
Expected odds ratio® -
Required sample size® -

6.9% 10% 2.5%
28.4% 35% 35.0%
64.7% 55% 62.5%
1.50 - 1.50
764 - 767
1.50 - 433
2526 - 326

*Total required sample size at 80% power, 5% significance level.

®Odds ratios for the binary outcome ‘Alive vs not alive’ were calculated as (0.931)(0.069)/(0.9)(0.1)=1.50 under proportional odds; and as

(0.975)(0.025)/(0.9)(0.1)=4.33 under non-proportional odds.

reviews, meta-analysis, and non-randomised trials were
excluded, as were studies not published in the English
language. Trials that used an alternative to the propor-
tional odds model as the main method of analysis were
also excluded.

Search strategy

MEDLINE and Embase databases were searched via
OVIDSP, using the terms ‘proportional odds’ or ‘ordi-
nal scale’, combined with ‘COVID-19’ and ‘randomised
trial’. These search terms were determined by a pilot
review of five COVID-19 trials.'> ¢

Data extraction

One reviewer screened titles and abstracts to identify
eligible studies. Full-text review and data extraction
was then conducted independently by two reviewers,
with disagreements resolved by discussion. We
extracted general trial characteristics, whether the
proportional odds assumptions was formally assessed
(and if so, the result), the common OR estimated from
a proportional odds model, and data regarding patient
numbers in each category of the scale at days 7, 14-15,
and 28-30, where available. These time periods were
determined by pilot review, and identified to be the
most frequently occurring time points at which
outcomes were assessed. In trials that assessed multiple
interventions, we extracted data relating to each
separate comparison.

Data analysis

Number of trials assessing the proportional odds
assumption. Data on the number of trials where the

proportional odds assumption was formally assessed
(e.g. through a statistical test, such as the Brant test)'’
were extracted and presented numerically.

Agreement between common and binary ORs. The ORs for
the three clinically important binary outcomes (‘Alive’,
‘Alive without mechanical ventilation’, and ‘Alive and
discharged from hospital’) were calculated using data
on the number of patients in each category of the ordi-
nal outcome. The ORs were standardised so that an
OR > 1 indicated benefit and an OR < 1 indicated
harm. Where no patients experienced an event or non-
event in either the intervention group or the control
group, a figure of 1 was added to each of the four
categories.

In order to assess agreement between the common
OR from a proportional odds model and the OR from
the clinically important binary outcomes, we con-
structed Bland—Altman plots using log(ORs).'® We also
evaluated the relative percentage difference of the com-
mon OR against each of the clinically relevant binary
outcomes, to determine whether use of the proportional
odds model was systematically over- or under-
estimating the OR compared to what would be
obtained using the binary outcomes. Differences were
calculated on the log(OR) scale, then converted to a
percentage on the OR scale through exponentiation. A
percentage difference > 0, indicated the common OR
was showing a larger treatment benefit compared to
the OR for the binary outcome. For values < 0, this
indicated the common OR was showing a smaller treat-
ment benefit. The mean percentage difference for each
outcome was calculated by weighting each comparison
according to its sample size. This was to avoid allowing
extreme differences between the common and binary
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ORs in small trials to unduly influence results. A
cluster-robust variance estimator was implemented, to
account for trial-level clustering.'” Analyses were con-
ducted in Stata version 17.0 (StataCorp, College
Station, Texas, USA).

Sensitivity analyses

We performed sensitivity analyses to assess the robust-
ness of the percentage difference calculations.” First,
we excluded analyses for which no patients experienced
an event or non-event in either the intervention or con-
trol group. Second, we performed the analysis only in
the set of trials, which formally assessed the propor-
tional odds assumption and did not find any violation.
Finally, we excluded analyses with extreme differences
between the common OR and the binary OR, to deter-
mine whether results were being skewed by certain
extreme results. We defined an extreme difference as a
difference in log(ORs) of > 2 or < 2.

Results

Selected studies

A total of 3490 records were identified through
MEDLINE and Embase searches (see Figure 1), of
which 16 were eligible. These 16 trials included 20 total
treatment comparisons (14 trials included a single treat-
ment comparison, and 2 trials included 3 treatment
comparisons each). These 20 treatment comparisons
comprised 38 total analyses (7 treatment comparisons
were performed at a single time point, 8 were per-
formed over two time points, and 5 were performed
over three time points).

Study characteristics

The characteristics of the included trials are presented
in Table 2. The median (interquartile range, IQR) sam-
ple size for the treatment comparisons was 323 (265,
394), and most eligible trials used the ordinal scale as
their primary endpoint (n = 10, 63%).

Proportional odds assumption

Investigators formally tested the proportional odds
assumption in only 6 of 16 trials (38%), and none found
evidence that the proportional odds assumption was
violated.

Agreement between common and binary ORs

Bland—Altman plots for the common OR from a pro-
portional odds model versus the OR from each of the
three clinically important binary outcomes are shown in
Figure 2. Disagreement between the common OR from

Records identified through database
searching (n=3490)

Records after duplicates (100) removed
(n=3390)

Records excluded

* Outside date range (n=2859)

* Non-COVID study (n=359)

* No results provided (n=55)

« NotRCT (n=77)

* Did not use PO model (n=17)

+ Did not use PO model as primary method of
analysis (n=2)

+ Did not give number patients in each
category of ordinal outcome (n=5)

Trials included (n=16)
* 20 treatment comparisons
* 38 proportional odds analyses

Figure I. Flow diagram of study selection.

Table 2. Characteristics of included trials.

Characteristic n/N (%)
Journal®
NEJM 5/16 (31)
JAMA 4/16 (25)
Lancet 2/16 (13)
Other 5/16 (31)
Ordinal scale as primary or secondary outcome®
Primary 10/16 (63)
Secondary 6/16 (38)
Number of categories of ordinal scale®
6 4/16 (25)
7 8/16 (50)
8 3/16 (19)
9 1716 (6)
Sample size per treatment comparison®
Median (IQR) 323 (265, 394)
< 100 2 (10)
100200 I (5)
200-500 15 (75)
> 500 2 (10)
Intervention®
Remdesivir 3/20 (15)
Convalescent plasma 2/20 (10)
Hydroxychloroquine 6/20 (30)
Lopinavir/ritonavir 7/20 (35)
Other 3/20 (15)
Time point of analysis®
Day 7 10/38 (26)
Day 14/15 18/38 (47)
Day 28-30 10/38 (26)

IQR: interquartile range.

?Denominator is based on number of trials (N = 16).

PDenominator is based on number of treatment comparisons (N = 20).
“Denominator is based on number of analyses across all time points

(N = 38).

a proportional odds model and each of the binary out-
comes occurred frequently: the common OR differed by
more than 25% to binary OR in 21 of 38 comparisons
(55%) for the outcome ‘Alive’, in 14 of 38 comparisons
(37%) for the outcome ‘Alive without mechanical venti-
lation’, and in 9 of 38 comparisons (24%) for the out-
come ‘Alive and discharged from hospital’.
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Figure 2. Bland—Altman plot of common OR from proportional odds model versus binary OR for three clinically important binary
outcomes. (a) Outcome ‘Alive’. (b) Outcome ‘Alive without mechanical ventilation’. (c) ‘Alive and discharged from hospital’.

cOR: common odds ratio; bOR: binary odds ratio.

The percentage difference for the common OR com-
pared to the binary ORs is presented in Table 3. The
common OR differed significantly compared to the OR
for the outcome ‘Alive’ (percentage difference: —16.8%,
95% confidence interval (CI): -28.7% to —2.9%,
p = 0.02). The estimated percentage difference of the
common OR was —8.4% (95% CI: -22.6% to 8.6%,
p = 0.29) for the outcome ‘Alive without mechanical
ventilation’, and 3.6% (95% CI: -1.1% to 8.7%,
p = 0.13) for the outcome ‘Alive and discharged from
hospital’.

The common OR from a proportional odds model
was statistically significant (at the 5% level) in 7 of 38
analyses (18%). In comparison, the binary OR was sig-
nificant for 2 of 38 analyses (5%) for the outcome
‘Alive’, for 6 of 38 analyses (16%) for the outcome
‘Alive without mechanical ventilation’, and for 1 of 38
analyses (3%) for the outcome ‘Alive and discharged
from hospital’.

Sensitivity analyses

Results of sensitivity analyses are shown in Table S1 in
the Supplementary material.

Investigators assessed and ruled out violations to the
proportional odds assumption for 11 analyses across
six trials. After restricting results to these analyses, the
percentage difference increased for all three binary out-
comes (‘Alive’ —16.8% main analysis versus —27.5%
sensitivity analysis; ‘Alive without mechanical ventila-
tion’ —8.4% main analysis versus —20.5% sensitivity
analysis; ‘Alive and discharged from hospital’ 3.6%
main analysis versus 5.9% sensitivity analysis).

Other sensitivity analyses showed similar results to
the main analyses.

Discussion

The use of the proportional odds model to analyse
ordinal clinical status outcomes is common in trials of
patients hospitalised with COVID-19. The proportional
odds model can increase statistical efficiency and lower
sample size requirements; however, the common odds
ratio provided by the proportional odds model relies
on the proportional odds assumption which, if vio-
lated, may lead to issues around interpretation. This
review aimed to investigate how often the common OR
from a proportional odds model differed to the ORs
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Table 3. Percentage difference of common OR from a proportional odds model against the OR of three clinically important binary

outcomes.

Outcome Mean odds ratio® % difference of common OR versus binary OR® p-value®
Ordinal scale 1.03 - -

Alive 1.24 —16.8 (—28.7 to —2.9) 0.02
Alive without mechanical ventilation 1.12 —8.4 (—22.6 to 8.6) 0.29
Alive and discharged from hospital 0.99 3.6 (—1.1 t0 87) 0.13

OR: odds ratio.

?Mean of ORs were calculated first as the mean of the log(ORs), then exponentiated.
bPercentage difference > 0 denotes the common OR is larger than the OR for the binary outcome, and thus demonstrating a larger treatment
benefit. Values < 0 denote the common OR is smaller than the OR for the binary outcome.

“The p-value for whether percentage difference is significantly different to 0.

from clinically important binary outcomes in rando-
mised clinical trials (RCTs) of COVID-19.

Key findings

We found that a majority of trials that used the propor-
tional odds model to estimate a common OR did not
formally test the assumption underpinning this analy-
sis. As there is generally no way to know in advance
whether this assumption will hold, it is essential to
properly evaluate this assumption during analysis to
determine whether the interpretation of the common
OR is valid. As such, in the two-thirds of trials, which
did not formally test this assumption, it is difficult to
ascertain the validity of the common OR as reported.

We found that the common OR from the propor-
tional odds model often differed substantially to the
OR for clinically important binary outcomes.
Differences greater than 25% occurred in almost a
quarter of comparisons for each of the three clinically
important binary outcomes, and more than 50% of
comparisons for the outcome ‘Alive’. The greater fre-
quency of large differences for the outcome ‘Alive’
compared to the two other outcomes may be driven in
part by the fact that the proportional odds model gives
more weight to categories with higher number of
events, and most trials will have fewer events in the
‘Dead’ category. However, given the importance of the
‘Alive vs dead’ outcome for COVID-19, this indicates
that beneficial common OR from a proportional odds
model should generally not be seen to denote a benefi-
cial effect on mortality.

Interestingly, we found that even after restricting the
analysis to the subset of trials, which formally tested
and ruled out departures from the proportional odds
assumption, the common OR still led to large differ-
ences to ORs from the three clinically important binary
outcomes. This is likely explained by the relatively low
power most trials have to detect violations of the pro-
portional odds assumption.”'” An alternate possibility
is that even mild departures from this assumption can
have large impacts on the estimated common OR. This

shows that even ruling out violations to the propor-
tional odds assumption through a formal test cannot
guarantee that the proportional odds model is provid-
ing the expected interpretation.

Interpretation

While the use of ordinal outcomes and the proportional
odds model can increase efficiency and reduce sample
size requirements, this requires the assumptions of pro-
portional odds to hold; when this is not true, the pro-
portional odds model can in fact increase sample size
requirements (see Table 1). More worryingly, when the
proportional odds assumption is violated, we are una-
ware of any clear interpretation as to what the common
OR represents. It is typically interpreted as the odds of
being in a higher category, yet this interpretation does
not necessarily hold when the proportional odds
assumption is violated; at best, the common OR can be
interpreted as a weighted average of the individual bin-
ary ORs encompassing the ordinal scale, yet there is no
intuitive explanation for how the categories are
weighted.

To put it more succinctly, the estimand®' pertaining
to the common OR is not well defined. Lack of clarity
around the treatment effect being estimated can obscure
study results, leading to inappropriate interpreta-
tions.?>? For instance, as seen from our study results,
a beneficial common OR does not necessarily indicate a
beneficial effect on the most important categories
within the ordinal outcome. This issue is similar to that
of composite endpoints, where the overall effect does
not necessarily represent the effect on any single com-
ponent of the outcome.

One option to ensure clarity of study results is to, if
feasible, use clinically relevant binary outcomes instead
of ordinal outcomes. This ensures clear interpretation
of what overall treatment effects represent, though it
may require increased sample sizes. Notably, this is the
approach taken by landmark, practice-changing trials,
such as RECOVERY.,>* which have eschewed the
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ordinal clinical status outcome in favour of simple bin-
ary outcomes, such as all-cause mortality.

Limitations

The sample size for this study was relatively small (38
comparisons across 16 trials), thus leading to low statis-
tical power when assessing differences between meth-
ods. However, this is a necessary limitation of empirical
research, which by its nature is limited by the number
of trials available.

Second, the main aim of this study was to assess
agreement between common and binary ORs. As such,
we only included studies that used a proportional odds
model to estimate a common OR. Therefore, our results
pertaining to the number of trials that formally assessed
the proportional odds assumption excludes trials, which
planned to use a proportional odds model but changed
to an alternative method of analysis after finding viola-
tions to this assumption. Of note, two trials were
excluded because they did not use the proportional
odds model after finding violations to the proportional
odds assumption; including these trials would change
our results so that 8/18 (44%) trials assessed the pro-
portional odds assumption, with 2/8 (25%) finding sta-
tistical evidence against the assumption.

Third, as discussed above, the observed differences
between the common odds ratio and the odds ratio for
the outcome ‘Alive’ may be in part driven by the small
number of events in the ‘Dead’ category. This could be
because the included trials enrolled lower-risk popula-
tions who were less likely to die. Had our sample been
made up of trials with higher-risk populations, with
higher mortality rates, it is possible we would have
observed better agreement between the two methods.
This highlights that disagreement between the common
odds ratio and odds ratios from binary outcomes may
be driven by numerous factors, including not only
whether the proportional odds assumption is violated,
but also the type of population enrolled in the study
and the number of events in each category of the ordi-
nal scale.

Fourth, although we have accounted for random
variability in comparison of the percentage difference
between the common versus binary odds ratios, we
have not done so in our summary of the proportion of
trials with a greater than 25% difference between the
two methods. Thus, we cannot say to what extent these
results may be driven by chance.

Finally, this article has focussed on treatment effect
estimation; however, there is a distinction between esti-
mation and hypothesis testing. Importantly, it has been
shown that the score test from a proportional odds
model is asymptotically equivalent to the Wilcoxon—
Mann—Whitney test, which measures the probability
that a randomly selected intervention-arm participant
will have a better outcome than a randomly selected

control-arm participant.”® Thus, even when the propor-
tional odds assumption is not true, the proportional
odds model still provides a valid test of the null
hypothesis.

Conclusion

The common OR from proportional odds models often
differs substantially to ORs from clinically important
binary outcomes, and, similar to composite outcomes,
a beneficial common OR from a proportional odds
model does not necessarily indicate a beneficial effect
on the most important categories within the ordinal
outcome.

Author Contributions

M.U. designed the study, performed the search, extracted and
analysed data, and wrote the first draft of the article. N.Z.B.
extracted data and revised the article. B.C.K. designed the
study, analysed data, and revised the article. All authors read
and approved the final article.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this arti-
cle: BCK is funded by the UK MRC, grants MC_UU_00004/
07 and MC_UU_00004/09. NZB is funded by an NIHR
Academic Clinical Fellowship (ACF-2022-02-014).

ORCIDiD

Brennan C Kahan () https://orcid.org/0000-0001-9957-0844

Data availability

Data are available upon reasonable request.

Supplemental material

Supplemental material for this article is available online.

References

1. WHO Working Group on the Clinical Characterisation
and Management of COVID-19 infection. A minimal
common outcome measure set for COVID-19 clinical
research. Lancet Infect Dis 2020; 20(8): €192—¢197.

2. Jin X, Pang B, Zhang J, et al. Core outcome set for clini-
cal trials on coronavirus disease 2019 (COS-COVID).
Engineering 2020; 6(10): 1147-1152.

3. Ceyisakar IE, van Leeuwen N, Dippel DWJ, et al. Ordi-
nal outcome analysis improves the detection of between-
hospital differences in outcome. BMC Med Res Methodol
2021; 21: 4.


https://orcid.org/0000-0001-9957-0844

Clinical Trials 00(0)

10.

11.

12.

13.

14.

15.

Roozenbeek B, Lingsma HF, Perel P, et al. The added
value of ordinal analysis in clinical trials: an example in
traumatic brain injury. Crit Care 2011; 15(3): R127.
French B and Shotwell MS. Regression models for ordi-
nal outcomes. JAMA 2022; 328: 772-773.

McCullagh P. Regression models for ordinal data. J R
Stat Soc Ser B Methodol 1980; 42: 109-127.

O’Kelly M and Li S. Assessing via simulation the operat-
ing characteristics of the WHO scale for COVID-19 end-
points. Stat Biopharm Res 2020; 12: 451-460.

Peterson RL, Vock DM, Powers JH, et al. Analysis of an
ordinal endpoint for use in evaluating treatments for
severe influenza requiring hospitalization. Clin Trials
2017; 14(3): 264-276.

Desantis SM, Lazaridis C, Palesch Y, et al. Regression
analysis of ordinal stroke clinical trial outcomes: an appli-
cation to the NINDS t-PA trial. Int J Stroke 2014; 9(2):
226-231.

Dodd LE, Follmann D, Wang J, et al. Endpoints for ran-
domized controlled clinical trials for COVID-19 treat-
ments. Clin Trials 2020; 17(5): 472—482.

Cordoba G, Schwartz L, Woloshin S, et al. Definition,
reporting, and interpretation of composite outcomes in
clinical trials: systematic review. BM.J 2010; 341: ¢3920.
Veiga VC, Prats JAGG, Farias DLC, et al. Effect of toci-
lizumab on clinical outcomes at 15 days in patients with
severe or critical coronavirus disease 2019: randomised
controlled trial. BMJ 2021; 372: n84.

Spinner CD, Gottlieb RL, Criner GJ, et al. Effect of
remdesivir vs standard care on clinical status at 11 days
in patients with moderate COVID-19: a randomized clin-
ical trial. JAM A 2020; 324: 1048—1057.

Simonovich VA, Burgos Pratx LD, Scibona P, et al. A
randomized trial of convalescent plasma in Covid-19
severe pneumonia. N Engl J Med 2021; 384: 619-629.
Rosas 1O, Brau N, Waters M, et al. Tocilizumab in hospi-
talized patients with severe Covid-19 pneumonia. N Engl
J Med 2021; 384: 1503-1516.

16.

17.

18.

20.

21.

22.

23.

24.

25.

Furtado RHM, Berwanger O, Fonseca HA, et al. Azi-
thromycin in addition to standard of care versus stan-
dard of care alone in the treatment of patients admitted
to the hospital with severe COVID-19 in Brazil (COALI-
TION II): a randomised clinical trial. Lancet 2020; 396:
959-967.

Brant R. Assessing proportionality in the proportional
odds model for ordinal logistic regression. Biometrics
1990; 46(4): 1171-1178.

Bland JM and Altman DG. Statistical methods for asses-
sing agreement between two methods of clinical measure-
ment. Lancet 1986; 1: 307-310.

. Wooldridge JM. Econometric analysis of cross section and

panel data. Cambridge, MA: MIT Press, 2010.

Morris TP, Kahan BC and White IR. Choosing sensitiv-
ity analyses for randomised trials: principles. BMC Med
Res Methodol 2014; 14: 11.

ICH E9 (R1) addendum on estimands and sensitivity
analysis in clinical trials to the guideline on statistical
principles for clinical trials, https://www.ema.europa.eu/
en/documents/scientific-guideline/ich-e9-r1-addendum-est
imands-sensitivity-analysis-clinical-trials-guideline-statis
tical-principles_en.pdf

Cro S, Kahan BC, Rehal S, et al. Evaluating how clear
the questions being investigated in randomised trials are:
systematic review of estimands. BMJ 2022; 378: ¢070146.
Kahan BC, Morris TP, White IR, et al. Estimands in
published protocols of randomised trials: urgent improve-
ment needed. Trials 2021; 22: 686.

Group RC, Horby P, Lim WS, et al. Dexamethasone in
hospitalized patients with Covid-19. N Engl J Med 2021,
384: 693-704.

Fay MP, Brittain EH, Shih JH, et al. Causal estimands
and confidence intervals associated with Wilcoxon-
Mann-Whitney tests in randomized experiments. Stat
Med 2018; 37: 2923-2937.


https://www.ema.europa.eu/en/documents/scientific-guideline/ich-e9-r1-addendum-estimands-sensitivity-analysis-clinical-trials-guideline-statistical-principles_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-e9-r1-addendum-estimands-sensitivity-analysis-clinical-trials-guideline-statistical-principles_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-e9-r1-addendum-estimands-sensitivity-analysis-clinical-trials-guideline-statistical-principles_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-e9-r1-addendum-estimands-sensitivity-analysis-clinical-trials-guideline-statistical-principles_en.pdf

