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Use of Ordinal Outcomes in Vascular Prevention Trials
Comparison With Binary Outcomes in Published Trials

Philip M.W. Bath, MD; Chamila Geeganage, MSc; Laura J. Gray, MSc;
Timothy Collier, MSc; Stuart Pocock, PhD

Background and Purpose—Vascular prevention trials mostly count “yes/no” (binary) outcome events, eg, stroke/no
stroke. Analysis of ordered categorical vascular events (eg, fatal stroke/nonfatal stroke/no stroke) is clinically relevant
and could be more powerful statistically. Although this is not a novel idea in the statistical community, ordinal outcomes
have not been applied to stroke prevention trials in the past.

Methods—Summary data on stroke, myocardial infarction, combined vascular events, and bleeding were obtained by
treatment group from published vascular prevention trials. Data were analyzed using 10 statistical approaches which
allow comparison of 2 ordinal or binary treatment groups. The results for each statistical test for each trial were then
compared using Friedman 2-way analysis of variance with multiple comparison procedures.

Results—Across 85 trials (335 305 subjects) the test results differed substantially so that approaches which used the ordinal
nature of stroke events (fatal/nonfatal/no stroke) were more efficient than those which combined the data to form 2
groups (P�0.0001). The most efficient tests were bootstrapping the difference in mean rank, Mann–Whitney U test, and
ordinal logistic regression; 4- and 5-level data were more efficient still. Similar findings were obtained for myocardial
infarction, combined vascular outcomes, and bleeding. The findings were consistent across different types, designs and
sizes of trial, and for the different types of intervention.

Conclusions—When analyzing vascular events from prevention trials, statistical tests which use ordered categorical data
are more efficient and are more likely to yield reliable results than binary tests. This approach gives additional
information on treatment effects by severity of event and will allow trials to be smaller. (Stroke. 2008;39:2817-2823.)

Key Words: stroke � prevention � randomized controlled trial � statistical analysis

Major advances have been made in the primary and
secondary prevention of stroke with effective strategies

based on lifestyle modification, antithrombotic agents, blood
pressure and cholesterol lowering, and carotid endarterecto-
my. In parallel, the absolute risk of recurrence has fallen
dramatically over time; in stroke trials, this is apparent as a
decrease in the control event rate, eg, 10.8% in the Canadian
American Ticlopidine Study (CATS) in 19892 and 3.4% in
Perindopril protection against recurrent stroke study
(PROGRESS) in 2001.3 This trend is likely to continue as
new and effective interventions are added. Because absolute
event rates are a key component in sample size calculations
for binary (“yes/no” event) outcomes, low rates equate to
larger trials.4 An additional pressure in performing trials is
that their number has increased as new prophylactic strategies
are tested, eg, antiplatelets (thromboxane synthase inhibitors),
anticoagulants (thrombin/factor Xa inhibitors), and carotid
interventions (stenting, treatment of asymptomatic stenosis).
The combination of more and larger trials means it is
becoming increasingly difficult to find sufficient patients to
enroll into new studies.

New strategies are required to bring trial sample sizes
down and to maximize the potential to demonstrate benefit. In
the past, composite outcomes of vascular death, nonfatal
stroke, and nonfatal myocardial infarction (MI) have been
used, in part to increase the number of events. This approach
can be extended to include further events in the composite
such as hospitalization, silent brain infarcts (as identified by
MRI), or by counting all vascular events rather than just the
first one.5 However, the use of composite outcomes has been
criticized.6 An alternative approach is to analyze vascular
prevention trials in a way which does not lose clinically
relevant data. Most studies compare binary (stroke/no stroke)
event rates between the treatment and control group. How-
ever, stroke or MI events may be fatal or nonfatal, so
trichotomous outcomes (fatal event/nonfatal event/no event)
can be analyzed. This approach can be extended to 4 (fatal
stroke/severe nonfatal stroke/mild stroke/no stroke) or 5 (fatal
stroke/severe nonfatal stroke/mild stroke/transient ischemic
attack [TIA]/no event) levels. Similar ordered categorical
outcomes can be developed for MI, composite vascular
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outcomes, and bleeding, as well as other vascular events, such
as heart failure. The analysis of such ordered categorical
(ordinal) events is usually more efficient statistically (because
data on severity are not lost) thereby offering the potential for
reducing trial sample size while maximizing the potential to
find small clinically relevant treatment benefits.7 Such poly-
tomization of events assumes that the ordering of events is
meaningful, ie, that fatal vascular events are considered more
severe than nonfatal ones. If so, ordinal outcomes may be
more informative to patients, carers, healthcare professionals,
and government than binary outcomes.

We report a comparison of the relative efficiencies of using
and analyzing binary and polytomous outcomes from vascu-
lar prophylaxis trials. Although the use of ordinal statistical
approaches is well defined in the methodological literature,
its use for designing and analyzing vascular prevention trials
is entirely novel.

Methods
Identification of Trials
We sought summary patient data from randomized controlled trials
assessing primary or secondary vascular prevention, ie, preventing
first or recurrent events respectively, which were either positive or
negative according to the trial publication, or were included in a meta
analysis showing benefit or harm; neutral trials in a neutral meta-
analysis were excluded, an approach which follows our previous
study in acute stroke trials.7 We included vascular trials involving
nonstroke patients and those measuring nonstroke outcomes because
stroke patients suffer subsequent nonstroke vascular events, and
those with other vascular conditions can go on to have a stroke.
Taking this approach means the findings are generalizable across the
field of vascular medicine. Published studies fulfilling these criteria
were identified from electronic searches of the Cochrane Library and
included studies of antithrombotic, BP or lipid lowering therapy,
carotid endarterectomy, and hormone replacement therapy. Trials
were excluded if they were neutral and related to a neutral interven-
tion (as determined from a published meta-analysis) or did not
include adequate ordered categorical information for at least one
vascular outcome.

Trial Data
The numbers of subjects at the end of follow-up having a stroke
(fatal, nonfatal, severe nonfatal, mild, TIA), MI (fatal, nonfatal),
composite vascular event (fatal stroke or MI, nonfatal stroke or MI),
and bleeding (major, minor, no bleeding) were obtained, where
available, for each treatment group (active, control) from the primary
trial publication. In factorial trials or those having more than two
treatment groups,8 data were analyzed for each active comparison
versus control. Data were assessed by intention-to-treat where
possible.

Statistical Tests
We compared different statistical tests for assessing treatment
effect.9–14 Some of these required the ordinal data to be combined
into two groups (eg, Pearson’s Chi-square test), whereas others used
the raw ordered categorical data (eg, Mann–Whitney U test, un-
pooled t test, bootstrapping the mean rank, ordinal logistic regression
[also known as the proportional odds regression]). A description of
the statistical tests used is given in the supplemental Appendix I,
available online at http://stroke.ahajournals.org.

Comparison and Ordering of Statistical Tests
Each data set was analyzed using each statistical test. The results
were then ordered within each trial and given a rank, with the lowest
rank given to the test which produced the smallest probability value
within that trial. A 2-way analysis of variance test (Friedman with

adjustment for ties15; ANOVA) was then performed to assess which
statistical test produced the lowest ranks (ie, the most statistically
significant values). Duncan multiple range test was used to assess the
ordering of tests and determine where significant differences be-
tween tests were present. We also assessed how many statistically
significant (at 5%) results each test found.

To assess the validity and reliability of the results found, a number
of supplementary analyses were carried out. First, the comparison of
statistical tests was repeated within subgroups of trials sharing
similar characteristics to assess whether particular types of trials
suited different statistical approaches; second, the statistical assump-
tions of the tests were assessed; and third, the sensitivity (type 1
error) of the tests was assessed. Technical details of these supple-
mentary analyses can be found in the supplemental Appendix II.

Analyses were carried out in SAS (version 8.2) and Stata (version
7); significance was taken at P�0.05 for analyses of trials and
P�0.01 for ANOVA.

Results
Trials
Of 243 identified trials, 101 (416 020 subjects) were in-
cluded, these comprising 35 primary and 66 secondary
prevention studies (supplemental Table I). One hundred
forty-two trials were excluded, mostly because their pub-
lished data did not distinguish between fatal and nonfatal
vascular events so that 3-level data could not be calculated
(supplemental Table II).

Stroke
The trials variably included intracerebral hemorrhage within
the outcome of stroke. The results of the statistical tests
differed significantly with 3-level data (fatal stroke/nonfatal
stroke/no stroke; 85 trials, 335 305 subjects; ANOVA
P�0.0001); ordinal analyses ranked above binary approaches
(Tables 1 and 2; Figure 1) with the Mann–Whitney U test,
bootstrapping (difference in mean rank), and ordinal logistic
regression significantly better than the other methods (sup-

Table 1. Assessment of 10 Statistical Approaches for
Analyzing Stroke as a 3-Level Event (Fatal/Nonfatal/No Stroke)
in 85 Vascular Prevention Trials

Analysis by 2-way ANOVA (P�0.0001) on the ranked data (1 to 10 with 1
“best”); comparison of tests by Duncan’s multiple range test—those tests
joined by the same band are not significantly different from each other at
P�0.01.
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plemental Figure I). Similar results were seen for the other
stroke outcome assessments: 4-level (fatal stroke/severe non-
fatal stroke/mild stroke/no stroke), 4-level including TIA
(fatal stroke/nonfatal stroke/TIA/no stroke or TIA), and
5-level (fatal stroke/severe nonfatal stroke/mild stroke/
TIA/no stroke or TIA; each ANOVA P�0.0001; Table 2).
Although the absolute ordering of the tests varied for these
polytomous outcomes, ordinal tests always performed better
than binary ones (Table 2). Six trials gave sufficient data to
compare qualitatively 3-, 4-, and 5-level stroke data; 4-level
data (with TIA included as an event) and 5-level data
(including TIA) appeared to be the most efficient approaches.
When assessed by how many trials were statistically signif-
icant (positive or negative but not neutral), those tests which
did not collapse the data into groups again out-performed
other approaches; for example the Mann–Whitney U test

gave a statistically significant result in 44% of trials in
comparison with the Pearson’s �2 2x3 test at 32% (Figure 1).

Myocardial Infarction
Fifty-eight trials (232 515 subjects) were included. The anal-
yses differed significantly for a 3-level outcome (fatal MI/
nonfatal MI/no MI; P�0.0001), with ordinal approaches
performing better than binary (Table 2).

Composite Vascular Event
Forty-three trials (204 108 subjects) gave data for a 3-level
composite vascular outcome (fatal stroke or MI/nonfatal
stroke or MI/no stroke or MI). Ordinal tests performed best
(P�0.0001) with the Mann–Whitney U test, bootstrapping
(the difference in mean rank) and ordinal logistic regression
ranking highest (Table 2).

Table 2. Ranking of Statistical Tests (1 to 10 With 1 “Best”) for Measure of Stroke (3, 4, and 5-Levels), Myocardial Infarction
(3-Level), Composite Vascular Outcome (3-Level), and Bleeding (3-Level)

Outcome Trials P Value

Ranking of Tests Relative to Each Other

MWU BS OLR RRT CAT t Test �2 2�3 �2 Event �2 Dead Median Test

Fatal stroke/nonfatal
stroke/no stroke

85 �0.0001 1 2 3 4 5 6 7 8 9 10

Fatal stroke/severe
nonfatal/mild/no stroke

21 �0.0001 2 1 4 3 5 6 8 7 9 10

Fatal stroke/nonfatal
stroke/TIA/no stroke

29 �0.0001 2 1 5 6 3 4 7 8 9 10

Fatal stroke/severe
nonfatal stroke/mild
stroke/TIA/no stroke

11 �0.0001 3 4 5 6 1 2 8 7 9 10

Fatal MI/nonfatal MI/
no MI

58 �0.0001 1 3 5 6 2 4 7 8 9 10

Fatal vascular event/
nonfatal vascular event/
no vascular event

43 �0.0001 1 2 3 4 5 6 7 8 9 10

Severe-major bleeding/
minor bleeding/
no bleeding

15 �0.0001 3 2 1 6 4 5 8 7 9 10

The most efficient tests are underlined and do not differ from each other statistically.
BS indicates bootstrap; CAT, Cochran–Armitage test; MWU, Mann–Whitney U test; OLR, ordinal logistic regression; RRT, robust ranks test.

Figure 1. The number of significant trials (positive
or negative but not neutral, P�0.05) for each sta-
tistical test for 3-level stroke (fatal, nonfatal, no
stroke).
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Bleeding
Fifteen trials (26 215 patients) were identified as including
information on bleeding at three levels: major bleeding,
minor bleeding, no bleeding. Definitions of bleeding differed
between trials. Once again, ordinal analytic approaches
ranked highest (Table 2).

Sensitivity Analysis and Test Assumptions
The ordering of statistical tests, with ordinal more efficient
than binary, was maintained for all subgroups of trials
irrespective of type of prevention and treatment, average age
of patients, trial size and length of follow-up, risk of death or
stroke, and time from index event (Table 3). When consid-
ering the 19 trials (27 datasets) with a high event rate (�10%

overall), ordinal tests remained most efficient. Published
hazard ratios (which take into account the time to event, as
derived from the Cox proportional hazards model) for stroke
were available for 36 trials; a comparison of the 11 statistical
tests, including Cox results, revealed bootstrapping, Mann–
Whitney U, and ordinal logistic regression to be as good if not
slightly superior to the Cox model (Duncan multiple range
test).

The statistical assumptions for ordinal logistic regression
were not violated (P�0.05) in 79 of 85 trials with 3-level
stroke data; no violations were present for 11 trials with
5-level stroke data (supplemental Appendix III). The sensi-
tivity analysis showed that the top performing statistical tests
(ordinal logistic regression, Mann–Whitney U test) were not

Table 3. Ranking of Statistical Tests (1 to 10 With 1 ‘Best’) for 3-Level Stroke (Fatal, Nonfatal, No Stroke) in Subgroups of Vascular
Prevention Trials

Outcome Trials P Value

Ranking of Tests Relative to Each Other

MWU BS OLR RRT CAT t Test �2 2�3 �2 Event �2 Dead Median Test

Prevention, primary 29 �0.0001 1 2 5 3 6 4 7 8 9 10

Prevention, secondary 56 �0.0001 2 1 3 4 5 6 7 8 9 10

Anticoagulants 12 �0.0001 2 1 7 6 4 3 5 8 9 10

Antiplatelets 33 �0.0001 1 2 3 5 4 6 7 8 9 10

Antihypertensives 23 �0.0001 2 1 3 4 5 6 7 8 9 10

Lipid lowering 10 �0.0001 2 1 3 4 5 6 8 7 9 10

Carotid
endarterectomy

4 �0.0001 2 1 5 3 6 4 8 7 9 10

Hormone replacement
therapy

2 0.86 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Age �65 years 34 �0.0001 1 2 3 4 5 6 7 8 9 10

Age �65 years 31 �0.0001 2 1 4 3 6 5 7 8 9 10

Trial, small (n�2,520) 42 �0.0001 1 2 5 6 3 4 7 8 9 10

Trials, large (n�2,520) 42 �0.0001 2 1 3 4 5 6 8 7 9 10

Follow-up, short term
(�36 months)

45 �0.0001 1 2 4 5 3 6 7 8 9 10

Follow-up, long term
(�36 months)

39 �0.0001 2 1 3 4 5 6 7 8 9 10

Risk of death in
control, low
(�0.2% per month)

43 �0.0001 1 2 3 4 5 6 7 8 9 10

Risk of death in
control, high
(�0.2% per month)

41 �0.0001 2 1 3 4 5 6 7 8 9 10

Risk of stroke in
control, low
(�0.17% per month)

40 �0.0001 1 2 3 4 5 6 7 8 9 10

Risk of stroke in
control, high
(�0.17% per month)

41 �0.0001 2 1 5 6 3 4 7 8 9 10

Time from index
event, short
(�87 days)

22 �0.0001 1 2 3 4 5 6 8 7 9 10

Time from index
event, long
(�87 days)

22 �0.0001 2 1 3 6 4 5 7 8 9 10

The most efficient tests are underlined and do not differ from each other statistically.
BS indicates bootstrap; CAT, Cochran–Armitage test; MWU, Mann–Whitney U test; OLR, ordinal logistic regression; RRT, robust ranks test.
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overly sensitive, and statistically significant treatment effects
were only found where they are likely to be present (supple-
mental Appendix III). Using ordinal logistic regression, the
odds ratios were similar for different strata of severity for
3-level, 4-level, and 5-level data (supplemental Table III).

Discussion
Improvements in secondary prevention are leading to falling
event rates in clinical trials. This means that future vascular
prevention trials will need to be longer and, with an increas-
ing number of new interventions, the availability of subjects
is becoming limited. Thus, new approaches to trial design and
analysis are needed to help reduce sample size. This study has
shown that it is feasible to create 3-level ordered categorical
outcomes for stroke, MI, a composite vascular event (fatal
stroke and MI/nonfatal stroke and MI), and bleeding. Anal-
ysis reveals that, in general, statistical approaches which use
ordinal data are more efficient than conventional binary tests
based on “event/no event.” A further increase in efficiency
comes from using 4-level or 5-level data for stroke (with or
without TIA). Ordering vascular events by severity has both
biological and clinical meaning. Fatal events are clearly the
most extreme health state whereas a severe stroke (normally
defined as a stroke resulting in dependency on others) is a
disaster for the patient, their career, and society, for both
clinical and economic reasons. A mild stroke leaves the
patient independent, even if residual impairment remains, and
those who are younger can often return to work.

The most efficient statistical tests were those which exam-
ined ordinal data, including ordinal logistic regression, the
Mann–Whitney U test, and bootstrapping the mean rank. In
addition to improving statistical efficiency, the use of ordered
categorical outcomes gives information on the ability of an
intervention to reduce the severity of an event, not just the
number of events. Ordinal logistic regression allows both
estimation (with confidence intervals) and inclusion of base-
line prognostic covariates in analyses. However, it assumes
that any treatment effect is similar across outcome levels, ie,
the odds of moving a treated patient from fatal to severe
nonfatal stroke are similar to those for moving from TIA to no
event (“proportionality of odds”). This assumption requires
justification because it is neither widely recognized nor
obvious in most published vascular trial data. First, it is
biologically plausible to suggest that prophylactic interven-
tions will reduce severity as well as the total number of
events. Since the development of atherosclerosis and in-
creases in thrombosis, coagulation and inflammation are not
binary events in nature, and their magnitude is a determinant
of the severity of clinical vascular events, it is reasonable to
expect that interventions will move patients from fatal to
severe, severe to mild, and mild to no events. If this
assumption (of proportional odds) is not met, an alternative
ordinal model could be considered.16

Second, there is existing published evidence that interven-
tions do alter severity: simvastatin reduced the risk of stroke
of different severities by similar risk reductions in the Heart
Protection Study (HPS),17 hormone replacement therapy in-
creased both stroke and its severity in the Women’s Estrogen
for Stroke Trial (WEST),18 and antiplatelet agents reduced

both fatal and nonfatal vascular events in the Antithrombotic
Trialists’ (ATT) Collaboration meta analysis.19 The apparent
failure of most vascular prevention trials to show individual
effects on death or severe events is largely because they were
not powered to assess these specific and, therefore, relatively
uncommon events. Third, the odds reduction at each outcome
level appeared to be relatively constant when individual trials
were assessed (Figure 2); formal statistical assessment using
the likelihood ratio test indicated that “proportionality of
odds” was present in most cases (although this test is known
to be conservative; Appendix 6). Last, using ordinal statistical
tests was more powerful than binary approaches, the central
finding of this study. Although this is not a novel idea in the
statistical community,20 ordinal outcomes have not been
applied to vascular prevention trials in the past. In this
context, it is worth noting that ordinal logistic regression is
relatively robust to deviations in its assumptions even if they
are not met in a particular trial. Another efficient ordinal test
is the Mann–Whitney U test, which is widely available in
statistical packages and can produce a point estimate (median
difference between groups) with confidence intervals. The
major assumption of the test is that the treatment groups
should be independent, and this is met here. The final
efficient statistical approach was bootstrapping the mean
rank; this approach is computer intensive13 and its application
and the interpretation of results are not well appreciated by
clinicians, although it is free of assumptions.

The conventional approach to analyzing vascular preven-
tion trials is to perform time to event analyses, as visualized
using Kaplan–Meier curves and analyzed with Cox regres-
sion. When the frequency of events is high, analyses based
on time-to-event are more efficient than those using
frequencies (as analyzed using logistic regression). How-
ever, the frequency of vascular events in most primary and
secondary prevention trials running over 3 to 5 years is
relatively low; recent vascular prevention trials have
tended to report annualized stroke rates of 2% to 4%.21,22

Logistic and Cox models give similar results when the
overall event frequency is less than 10%.23,24 Where the
frequency of events is higher, ordinal data may be analyzed
by time to event.25,26 In the current dataset, the Cox model
was slightly less efficient than bootstrapping, Mann–Whitney
U, and ordinal logistic regression.

In this study, we have focused on assessing stroke as the
primary outcome rather than using a composite vascular
outcome (fatal vascular event, nonfatal stroke, and MI).
Stroke was of interest since it has been used in several
prevention trials, eg, the European Stroke Prevention Study-II
(ESPS-II) and PROGRESS,3,27 and 4- or 5-level data (includ-
ing TIA) may be created. Nevertheless, ordered categorical
outcomes may also be created for composite outcomes (fatal
stroke or MI/nonfatal stroke or MI/no event) as well as other
events such as MI or bleeding. Our results suggest that the use
and analysis of polytomous outcomes would benefit trials
assessing any of these vascular outcomes, and it is likely that
the approach would work for others such as heart failure and
venous thromboembolism; we are currently assessing this.

Using ordered categorical data will mean that results will
need to be reported differently. The results of binary tests are
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summarized easily as the proportion of patients who benefit
(or suffer) with a treatment, ie, oral anticoagulation reduced
absolute stroke recurrence by 1.46% (odds ratio 0.75,
P�0.036) in the Anticoagulants in the Secondary Prevention
of Events in Coronary Thrombosis (ASPECT) trial.28 In
contrast, ordinal tests will need to be presented as the average
absolute improvement in outcome, eg, anticoagulation re-
duced stroke recurrence and its severity with an odds ratio of
0.60 (or reduced the mean severity by 0.5 points, P�0.013)
on a 5-level scale.28 In this respect, health consumers will
need to decide what odds ratio or difference in events is
worthwhile, both clinically and in terms of health economics.
In reality, it is reasonable to present the primary result using
the odds ratio (or median change in event severity) and to

give the absolute percentage change calculated from the
binary outcome as a secondary measure. Further, a visual
presentation of the data can be displayed as the percentage of
patients within each category by treatment group (data from
the North American Symptomatic Carotid Endarterectomy
Trial [NASCET], Figure 3).

Just as sample size calculations exist for trials using
dichotomised analyses,4 analogous approaches exist for ordi-
nal tests.29 Because ordinal analyses are more powerful
statistically, trial size may be reduced for a given power of
say 90%; eg, sample size falls by 15% to 24% as the number
of outcome categories increases from 3 to 7.29 This reduction
is worthwhile and would reduce competition between trials
for patients, and lower trial costs and complexity. Taking the

Figure 2. Odds ratios across trial (by ordinal logistic regression) and by individual outcome levels for 4 trials to illustrate the
assumption of proportionality of odds.

Figure 3. Example 4-level ordinal data from
NASCET1 of carotid endarterectomy (CEA).
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Hypertension in Elderly Patients (HEP) trial30 as an example
(and assuming significance�0.05 and power�0.9), the sam-
ple size is reduced by 48% from 1556 for a binary outcome
of stroke/no stroke to 810 for a 3-level stroke outcome as
calculated using the method of Whitehead;29 this is further
reduced to 772 with a 5 level stroke outcome.

A number of caveats must be made about this study. First,
a majority of identified trials could not be included because
they did not publish adequate information on vascular events.
As data were missing for a variety of trial types (primary,
secondary prevention), sizes, and outcome measures (stroke/
MI/vascular/bleeding) it is unlikely that a systematic bias was
introduced into the findings; however, the precision of the
results will have been attenuated by the missing data. Future
trial publications should give this information, including vital
status for the main vascular outcomes, so that ordered
outcome categories can be calculated. Second, we did not use
all possible statistical tests relevant to the problem of analyz-
ing ordered categorical data; instead, we focused on those
approaches which are readily available in statistical text-
books11 and computer packages.

In summary, we suggest that vascular prevention trials
should consider using statistical approaches, which use the
inherent ordered categorical data present within vascular
outcome events. The resulting trials could be smaller (with
savings in patient numbers, numbers of centers, and study
cost and complexity) and would allow appreciation of the
effect of interventions on severity, as well as absolute number
of events, to be highlighted. Appropriate tests include ordinal
logistic regression, the Mann–Whitney U test, and bootstrap-
ping the mean rank.
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