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Abstract

Background and Purpose—Conventional analysis of vascular prevention trials assigns equal
weight to disparate vascular events of composite endpoint at variance with public’s perception of
their differential impact on health outcome. This study was to apply the disability-adjusted life
year (DALY metric for differential weighting of individual vascular endpoints in trial analyses.

Methods—DALY values for the most common major endpoints in vascular prevention trials,
nonfatal myocardial infarction (MI), nonfatal stroke, and vascular death, were derived using
World Health Organization Global Burden of Disease Project methodology. The standardized
DALYs for each event were applied to recent major primary and secondary vascular prevention
trials and to hypothetical model trials.

Results—Standardized DALY lost were 7.63 for nonfatal stroke, 5.14 for nonfatal MlI, and
11.59 for vascular death. In the published trials analyses, direction of treatment effects was
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consistent between DALY and standard event analysis, but rank order of treatment effect changed
for 10 of 18 trials. The DALY analysis also enabled to provide number-needed-to-treat values to
gain one DALY: 2.1 for anticoagulation in atrial fibrillation, 2.7 for carotid endarterectomy in
symptomatic stenosis, and 4.7 for clopidogrel added to aspirin in acute coronary syndrome.
Hypothetical trial analyses demonstrated that the DALY metric more finely discriminates
treatment effects.

Conclusions—Compared with a nonfatal Ml, a nonfatal stroke causes a 1.48-fold greater loss
and vascular death a 2.25-fold greater loss of DALY. DALY analysis integrates these valuations in
a summary metric reflecting the net impact of therapy on patient and societal health,
complementing conventional endpoint analyses.

Keywords
DALY vascular disease; clinical trial; treatment effect

Introduction

Diseases and their treatment can influence many organs in diverse ways. Consequently, in
all medical specialties, composite endpoints are increasingly used in randomized clinical
trials. Composite endpoints capture the number of patients who have one or more of several
events of interest. By incorporating a range of important endpoints in a single metric,
composite endpoints can index the overall impact of therapeutic interventions and reduce
sample size requirements. However, composite endpoints have well-recognized limitations
that arise from the common practice of weighting all endpoint components equally,
irrespective of their relative impact on the life of the patient. If positive results are driven by
less salient endpoints, the trial may give the misleading impression of broad benefit. If
treatment exerts differential benefit and harm on different endpoint components, a treatment
may reduce the net number of events but actually worsen global health-related quality of
life. Many clinical trialists and statisticians have recognized the desirability of differential
weighting of clinical trial endpoints, but a widely acceptable weighting method has not been
advanced.

In vascular disease prevention trials, this tension has given rise to two opposing approaches
in endpoint selection: the organ-specific and multi-organ paradigms. The organ-specific
approach asserts that endpoints should focus on the same vascular bed as the presenting
event, since recurrent events are likely to cluster in that vascular bed.! Including events
outside of the presenting vascular bed may dilute measurement of a desired effect on the
target organ at greatest risk.2 A weakness of the organ-specific argument is that, even if less
frequent, events outside the initially symptomatic vascular bed are clinically relevant, and
accumulate as time goes by.3 In contrast, the multi-organ paradigm employs composite
outcomes, such as the first occurrence of nonfatal stroke, transient ischemic attack, nonfatal
myocardial infarction (MI), angina, or vascular death, but has generally weighted each of
these disparate events equally.

The disability-adjusted life year (DALY) metric, which the World Health Organization
Global Burden of Disease Project (WHO-GBDP) developed to measure the global burden of
diseases,* is a promising metric to weight components of composite endpoints in clinical
trials. The DALY method converts hundreds of health conditions into a uniform, patient-
centered metric of healthy life years lost, by quantifying years lost due to premature
mortality and optimum health years lost due to living with disability.

The objective of this study was to develop standardized DALY values for the most common
endpoints assessed in vascular disease prevention trials, nonfatal stroke, nonfatal MlI, and
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vascular death; apply these values to completed vascular prevention trials to quantify the
efficacy of existing prevention treatments; and compare DALY measures to conventional
measures of clinical efficacy.

Methods

Trial selection and Data collection

For the analysis, we selected pivotal primary and secondary prevention trials of antiplatelets,
statins, anti-hypertensives, and surgery, including: 1) diverse treatment interventions in
diverse target populations, 2) recent trials of major clinical importance, and 3) a subset of
trials in which tested treatments exerted opposite direction effects on coronary and
cerebrovascular endpoint events (as these pose special difficulty to traditional endpoint
analysis). Technical inclusion criteria were: 1) randomized controlled trial, 2) individual
event numbers for nonfatal stroke, nonfatal MlI, vascular death, and composite endpoint
(nonfatal stroke, nonfatal MI, and vascular death) separately stated or could be directly
estimated from published tables, 3) more than 6-month follow-up, and 4) trial reported in
English.

For each trial, we abstracted data for event numbers and annual event rates for nonfatal
stroke, nonfatal M1, vascular death, and composite endpoint. For event numbers, if more
than one outcome event occurred in one patient, only the first event was included
(Supplementary material 1, http://stroke.ahajournals.org).

DALY Formulas

A DALY measures the total amount of optimal life years lost from a disease process,
whether from premature mortality or from incapacity associated with nonfatal conditions.
Formally, DALYs are derived from the formula DALY=YLL+YLD, where YLL is the years
of life lost due to premature death and YLD is the years of healthy life lost due to disability.

YLL and YLD are derived by the following formulas:# °

YLL[r, K]=KCe™ /(r+8)* e " P I+A _(r+B)(L+A)—1]—e T PA —r+B) A—1]}+[ (1-K)/r](1—e™T)

YLD[r, K]=DWKCe™ /(r+8)*{e”ATdHAN _ (1 B)(Ly+A,)—1]—e T PA —r+B) A —11}+[ (1-K)/r](1—e T4

K: age-weighting modulation factor (K=1 or 0), : parameter from age weighting function
(B=0.04 or 0), r: discount rate (r=0.03 or 0), C: constant (C=0.1658), A: age of death, L: life
expectancy of general population at age A, DW: disability weight, A,: age at vascular event,
Lg4: duration of disability (=life expectancy after vascular event at age Ay)

As in the WHO-GBDP, we applied an 3% annual discount rate (r=0.03) and age-weighting
(K=1, p=0.04): DALY[3,1]. The discount rate is the standard health policy modeling
assumption that values a year of healthy life gained in the future less than a year of healthy
life gained in the immediate present. The age-weighting is another health policy assumption
that assigns different values to different years of life, higher in young adult ages than in
infancy or old ages. The values of age-weighting modulation factor, age-weighting function,
constant, and discount rate were derived by the WHO-GBDP from extensive computational
modeling.
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Life expectancy estimation

In this study-level analysis, we did not have available individual patient ages at time of each
endpoint vascular event. Instead, we employed a standardized DALY value for each event
type, derived by applying a standard age to all vascular events. In the primary analysis, we
set this age to 60. In sensitivity analyses, we varied this assumption to ages 50 and 70. Life
expectancies at ages 50, 60, and 70 for Ml survivors and general population were taken from
the Framingham Heart Study (FHS) cohort, as were life expectancies for stroke survivors at
ages 60 and 70.6 The life expectancy of stroke survivors at age 50, not provided in the FHS,
was assigned 11.4 years (3 years shorter than that of Ml survivors), based on the FHS
observations of the stroke and M1 survivors in 50, 60 and 70 year olds.

In the FHS, at age 60, the life expectancy for a stroke survivor is 8.9 years (men and women
combined), for an MI survivor 11.2 years, and for general population 22.25 years.
Accordingly, the age of death was determined as 60 for vascular death, 68.9 for stroke
survivors and 71.2 for Ml survivors.

While the life expectancy of general population at age 60 could be taken from the FHS,
those of age at 68.9 and 71.2 were not provided in the FHS.8 As the life expectancies of the
FHS general population are quite close to those of US white population,’ we employed those
values: 16.36 years (women and men combined) at age 68-69 and 14.62 at age 71-72
(Figure 1).

Disability weights for each vascular event

We employed the specific disability weight (DW) provided in the WHO-GBDP for the
chronic post-stroke state of 0.266 and vascular death of 1.0.8 For the chronic post-MlI state,
the WHO-GBDP does not currently provide a unified DW, but one can be derived from the
WHO-GBDP specific DWs for the two most common disabling sequelae of Ml, chronic
heart failure (CHF, DW=0.201) and angina pectoris (AP, DW=0.124).8 However, these
conditions occur in only a subset of post-MI patients, and even among these only
intermittently. Since the DW of WHO-GBDP was originally derived under the assumption
of chronic and persistent symptom and sign, only the disabling days should be counted in
deriving a unified DW of chronic post-Ml state. Thus, we employed density values that were
derived from days of symptom occurrence divided by 365 days. Accordingly, the DW for
MI can be derived by the following formula:

DW,, =(P XDensity_, XDW,,,)+(P,,XDensity, XDW,,)

PcHEF or ap: proportion of Ml survivors experiencing CHF or AP, DensitycHr or ap: days per
year that these individuals experience CHF or AP (days divided by 365 days).

From the literature review, we projected Pap as 19.8% and Pcyg as 16.9%.% 10 For density
values, literature review suggested post-MI angina frequencies of 1.2% for daily angina,
3.0% for weekly angina (angina symptom per 2—7 days: 104.3 days per year), and 15.6% for
angina attacks less than one day per week for 4 weeks (angina attack per 8-28 days: 20.3
days per year), yielding a Densityap of 0.14. For CHF, Densitycye Was assigned 1.0 under
the assumption of daily symptoms or restriction in daily activities. From these, the DWy,
was determined as 0.037.

By applying the values of life expectancies and DWs to the above formulas, we converted
the outcomes of nonfatal stroke, nonfatal MI, and vascular death into DALY's
(Supplementary material 2, http://stroke.ahajournals.org).
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To compare the DALY approach with the conventional equal-weighted event analysis,
values of number needed to treat (NNT) for one year were derived: NNTgyent, fOr preventing
one event; NNTpa y=100/[DALY saved for 100 patient-years]), for preventing one DALY
loss (Supplementary material 3, http://stroke.ahajournals.org).

Hypothetical model trials analysis

Results

To further illustrate the perspectives afforded by DALY analysis, we also assessed DALY
saved in six hypothetical model trials demonstrating two different patterns of treatment
effect (effective only for stroke prevention or MI prevention) in three different populations
(population at equal risk for stroke and MI, stroke-prone population, and MI-prone
population). For this analysis, we explored the effect of removing age-weighting only
(DALY][3,0]) and removing both age-weighting and future discounting (DALY[0,0])
(Supplementary material 4, http://stroke.ahajournals.org).

Trials characteristics

Based on expert consensus, we selected 18 trials: 11 secondary stroke prevention trials, four
secondary prevention trials in coronary heart disease (CHD), and three primary prevention
trials: nine trials testing antithrombotics, 3 statins, 3 anti-hypertensives, 2 estrogens, and 1
surgery (Table 1, full names of trials in Supplementary material 5,
http://stroke.ahajournals.org). Table 1 shows that patients in stroke trials had higher stroke
rates and treatments had a greater impact on stroke prevention, while patients in CHD trials
had higher Ml rates and treatments had a greater impact on MI prevention.

DALYSs lost for individual vascular events

Table 2 shows the calculated DALY's[3,1] lost for each vascular event at various ages. For
the primary analysis, setting vascular events at age 60, the DALYs[3,1] lost due to nonfatal
stroke, nonfatal MI, and vascular death were 7.63, 5.14, and 11.59, respectively. The
contributions of YLL to total DALY lost were 77.9% for nonfatal stroke and 94.6% for
nonfatal MI. Changing the average age of vascular events to 50 magnified the DALY lost
across all vascular event categories and changing to 70 reduced them.

DALYs saved by individual trials

Table 3 shows the DALY s saved for individual vascular events from each trial treatment per
100 patient-years of intervention. The DALY saved for composite endpoint of nonfatal
stroke, nonfatal MI, and vascular death by individual trial treatments ranged from —6.47 to
46.96: from losing 6.47 years to saving 46.96 years of healthy life.

Based on the magnitude of DALY saved for the composite endpoint, the trials were
coarsely classified into four groups: 1) trials with the greatest DALY saved of about 20 or
more (3 trials), 2) trials saving 5-12 DALY s (6 trials), 3) trials with a relatively small
DALY gain of less than 5 (6 trials), and 4) trials showing DALY lost (treatment harm, 3
trials).

All stroke and CHD secondary prevention trials nominally reduced nonfatal recurrent events
in the initially presenting vascular bed. However, seven trials (five stroke trials, one CHD
trial, one primary prevention trial) showed a discrepant treatment effects on other vascular
events. Overall, two stroke trials and one primary prevention trial showed net harm (DALY
lost).
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NNTeyent: NNTpaLy, and Comparison of treatment effects

NNT values per event and per DALY are shown in Table 4. Whether a trial treatment was
beneficial or harmful was consistent between the DALY and composite events conventional
analyses. However, applying DALY s substantially changed the rank order of treatment
effect magnitude compared to the conventional approach: only eight out of 18 trials keep
their original ranks (Supplementary Table 1. http://stroke.ahajournals.org). While the trial
with the greatest benefit (anticoagulation for secondary stroke prevention in AF) was
consistent between the DALY and conventional approaches, the most harm was observed in
anticoagulation for symptomatic intracranial stenosis with DALY approach and estrogen for
secondary stroke prevention with the conventional approach.

Sensitivity analysis

Treatment effects were magnified by changing age at vascular events to 50 and reduced by
changing to 70, but their ranks remained generally stable whether age 60, 50, or 70 were
employed (Supplementary Table 1 and 2, http://stroke.ahajournals.org).

Hypothetical trials

Table 5 shows the comparison of hypothetical trials in terms of NNTgyent and NNTpar y-
Compared to the conventional NNTeyent, NNTpa vy more finely discriminated the
differences in treatment effects between 6 hypothetical settings. The discriminating power
remained robust when age-weighting and both age-weighting and future discounting were
removed.

Discussion

This study provides standardized DALY values for the most common components of
composite endpoints used in contemporary vascular prevention trials and demonstrates that
treatment effects of diverse vascular prevention trials can be presented as a summary
patient-centered metric of healthy life years gained or lost. Formal analysis indicated that the
major vascular events routinely assessed in prevention trials are not of equal importance.
Rather, compared with a nonfatal myocardial infarct, a nonfatal stroke causes a 1.48-fold
greater loss of disability-adjusted life years and vascular death a 2.25-fold greater loss.

A fundamental principle of evidence-based medicine is that assessment of a treatment effect
should encompass all the outcomes a treatment might alter, in proportion to the degree they
are valued by the patient and society. Consequently, the desirability of weighting
components of composite endpoints in clinical trials has been widely recognized.11. 12
Several weighting approaches have been suggested, but none to date has captured general
allegiance.12-15 Most prior weighting algorithms were derived using informal methods and
thin theoretical foundations, limiting their acceptance. In contrast, the DALY approach has a
strong methodological framework (person trade-off analyses by internationally
representative health providers) and a rich theoretical grounding. It has already achieved
wide acceptance as a tool for international health policy analysis and decision-making, by
the WHO and many health planning authorities. This extensive acceptance in arenas external
to clinical trial design gives DALY credibility and authority for porting into clinical trial
planning and analysis.

Another health adjusted life year metric, the quality-adjusted life year (QALY), is also an
attractive candidate for weighting outcome endpoints and already has been employed in
cost-effectiveness analyses of clinical trial results. Compared with QALYS, DALY analysis
has some advantages. QALY are derived from patients or healthy individuals with a limited
experience of diverse disease states, employing a wide variety of techniques.16 As a result,
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considerable variation across studies occurs in the quality of life weights assigned to the
same health states. In contrast, DALY’ are derived from broadly experienced health
professionals in a single, explicit, and broad-based disease comparison framework, resulting
in internally coherent weightings for a broad range of conditions.

The functional limitations that vascular events can impose on an individual’s remaining life
are critically important to patients, families, and society. However, conventional composite
endpoint analysis, counting the number of acute events, provides only a one-time, snapshot
metric that fails to capture the lifelong impact of disease. In contrast, the DALY metric
reflects the disparity across the individual vascular events in both event-related premature
mortality and reduced human flourishing during an individual’s remaining years of life.

The different contributions of disability and premature mortality to the valuations in our
study are noteworthy. The disability weight assigned to the chronic post-stroke state was
seven times higher than that for the chronic post-MI state, reflecting the greater frequency
and disabling impact of neurologic deficits after stroke than functionally limiting CHF and
chronic angina after MI. Consequently, years lost due to disability contributed substantially,
22.1%, to the total DALYs lost for nonfatal stroke events. In contrast, years lost due to
disability only accounted for 5.4% of the loss of optimal health for nonfatal MI, with
premature mortality exerting the overwhelming effect.

Weighting the components of composite endpoints allowed us to derive a single DALY
value that summarized for diverse vascular prevention treatments each intervention’s net
impact on patient health. For treatments that had opposing direction effects on different
endpoints, a widely recognized challenge to interpretation of composite endpoints, the
DALY resolved and quantified the overall benefit or risk of intervention. Across all
treatments, the DALY metric allowed comparisons to be made of the relative degree of
benefit delivered by diverse therapies. The greatest benefits were seen in secondary
prevention trials, in which enrolled patients are at highest risk for new events; carotid
endarterectomy in symptomatic carotid stenosis, anticoagulation for secondary prevention in
atrial fibrillation, and clopidogrel added on to aspirin in the first year after acute coronary
syndrome.

Concurrent validity for the DALY findings is provided by the general consistency of benefit
and harm shown with conventional composite endpoint analysis and DALY analysis. In
addition, the DALY analysis permitted a more refined discrimination of interventional
efficacy. Across all trials, number needed to treat values to gain 1 healthy life year were
nearly an order of magnitude lower than those needed to avert one vascular event. In the
hypothetical trial models, DALY analysis demonstrated more clearly than conventional
analysis the variation in degree of benefit obtained when an intervention effective for a
specific event is used in patients at high or low risk for that event.

This study has limitations. We analyzed the three most common and important endpoints
used in vascular prevention trials. Additional work is needed to derive and apply to clinical
trials DALY values for other endpoints, including unstable angina, transient ischemic attack,
and hospitalizations for revascularization procedures.

We performed an analysis of study-level, not individual patient-level, clinical trial data. The
most precise application of DALY analysis to clinical trials would use patient-level data,
allowing life expectancy calculations to take into account age, sex, country of residency, and
other specific characteristics of each patient.1” However, often only study-level data are
available for this analysis. For such settings, a standardized DALY for a prototypical age is
useful to convert event counts into DALY values.
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An additional limitation the current analysis is that it focuses on only the first
postrandomization vascular event, not all events that may eventually occur. The DALY
values we used only partially capture recurrent events, through reduced life expectancy
values, but a more comprehensive depiction of treatment effect would be provided by actual
ascertainment and disability weighting of all postrandomization events, not just first events.
When patient-level data of subsequent events is available, the DALY metric could directly
index the impact of these subsequent events. For example, if a patient had an MI at age 60,
and then a stroke at 65, and then die at 70, and the life expectancy of general population at
age 70 is 15.35 (from the Framingham Heart Study®) years, the DALY lost of this patient
would be the sum of the YLD lost to nonfatal MI for 10 years, YLD to nonfatal stroke for 5
years, and YLL to 15.35 years of premature death (Supplementary Table 3,
http://stroke.ahajournals.org).

In trial analyses, we used the same patient ages for M, stroke, and vascular death events.
This approach contrasts with epidemiologic observations showing that MlIs tend to occur in
younger individuals than strokes. However, this study measured the burden of stroke and Ml
in clinical trial populations, and the ages at which MI and stroke occur in a given trial tend
to be much closer than in the general population. Life expectancy assumptions were based
on Framingham data which had published salient life expectancy data of post-stroke, post-
MI, and general population. The results are therefore most applicable to Caucasian
populations, but the underlying method can be generalized to other populations whenever
salient life-expectancy data are available. Our analyses assumed the same disability weights
of non-fatal stroke (or MI) across all trials. This assumption does not always hold. For
example, strokes experienced by an atrial fibrillation population tend to be more disabling
than strokes in other populations.18 Data on event severity were generally not available for
the trials we analyzed. When available, incorporating event severity data will permit more
refined DALY estimates of treatment effect.17 19

While conventional event rate analysis of treatment effect is based on direct observations,
health adjusted life year metrics (i.e., QALY, DALY), inevitably require several
assumptions when determining life expectancies after each vascular event and quantifying
health state values. However, equal weighting to different outcomes of different impact on
health should be reappraised as reflected in recent debates on the findings of the Carotid
Revascularization Endarterectomy versus Stenting Trial (CREST).20 In CREST, quality-of-
life analyses among survivors at 1 year indicate that stroke had a greater adverse effect on a
broad range of health-status domains than did myocardial infarction, consonant with our
findings. That the general DALY approach has undergone extensive validation by the World
Health Organization and is an accepted foundation for planning of global health policies
supports its being considered a valuable technique evaluating treatment effects of vascular
prevention trials.

The present study demonstrates that the detailed and nuanced WHO-GBDP DALY
framework can be applied to weight composite endpoint events in cardiovascular trials. The
DALY approach, as an integrated, patient-centered outcome metric, complements
conventional endpoint analyses and delineates more clearly the summary impact of a
therapy on patient and societal health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2

DALYs[3,1] for individual vascular events

YLD[3,1] YLL[31] DALY[3.1]

Age 60
Nonfatal stroke 1.69 5.94 7.63
Nonfatal Ml 0.28 4.86 5.14
Vascular death 0 11.59 11.59
Age 50
Nonfatal stroke 2.58 7.91 10.49
Nonfatal Ml 0.42 6.31 6.73
Vascular death 0 16.79 16.79
Age 70
Nonfatal stroke 1.00 4.06 5.06
Nonfatal Ml 0.16 3.69 3.85
Vascular death 0 7.24 7.24

YLL: the years of life lost due to premature death; YLD: the years of healthy life lost due to disability

DALYT[3,1]: both future discounting and age weighting applied
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