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Bias File 7. Confounding by indication: a most stubborn bias?
The story
Confounding is a well known bias in observational (non-randomized) epidemiologic research.
Randomized controlled trials overcome this problem to a great extent; the process of randomization
ensures that treatment allocation is a process that is not linked to a given patient's profile or prognostic
characteristics. It also ensures that participants do not get to choose their treatment. Randomization
helps create groups with a balanced covariate profile (i.e. similar prognostic characteristics) at baseline.
For these reasons, the effects of drugs and interventions, ideally, should be determined by well designed
randomized trials. However, this is not always possible or feasible. Also, long-term effects of therapies
cannot easily be studied using randomized trial methodologies.
Pharmacoepidemiology often involves observational studies of the effect of drugs, where the outcomes
of individuals on specific drugs are compared to individuals who are not on those drugs (e.g., taking
some other type of medication). For example, once a drug is available on the market, post-marketing
surveillance is done to evaluate long-term outcomes among patients on that drug. Confounding by
indication is a bias frequently encountered in such observational pharmacoepi studies of drug effects. In
these studies, participants or their doctors choose whether or not they will take the medications.
Allocation of treatment is therefore far from random. Thus, the indication for treatment (i.e. the reason
why a specific medication was given to a given individual) will be related to choice of treatment and may
also be related to the risk of future health outcomes. The indication for treatment (which is often a mix
of several reasons to start or withhold treatment) may be a very strong prognostic indicator. This results
in confounding and the resulting imbalance in the underlying risk (prognostic) profile between treated
and comparison groups can generate biased results (Signorello et al. 2002). Confounding by indication
can often lead to paradoxical results. For example, a drug might look ineffective or even harmful
because of poor outcomes among those taking that drug; this, however, could be merely because the
drug was given to highly selected individuals who needed the drug because of their poor prognosis. In
other words, the sickest patients were given the drug and it is not surprising that their outcomes were
poor. On the other hand, suppose that a drug contains a warning that it must never be given to people
with hypertension. A crude analysis of the association between the drug and hypertension status in the
patient population will appear as though the drug is highly protective against this disease.
The study
The pharmacoepi literature is full of examples of confounding by indication. Signorello et al. (2002) in
their nice overview of confounding by indication, provide many good examples. The Physicians’ Health
Study (N Engl J Med 1989) on aspirin for myocardial infarction is one such example. It was a randomized,
double-blind, placebo controlled trial, where one component was to estimate the protective effect of
aspirin on cardiovascular disease and mortality.
From the original abstract (N Engl J Med 1989):
The Physicians' Health Study [PHS] is a randomized, double-blind, placebo-controlled trial designed to
determine whether low-dose aspirin (325 mg every other day) decreases cardiovascular mortality and
whether beta carotene reduces the incidence of cancer. The aspirin component was terminated earlier
than scheduled, and the preliminary findings were published. We now present detailed analyses of the
cardiovascular component for 22,071 participants, at an average follow-up time of 60.2 months. There
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was a 44 percent reduction in the risk of myocardial infarction (relative risk, 0.56; 95 percent confidence
interval, 0.45 to 0.70; P less than 0.00001) in the aspirin group (254.8 per 100,000 per year as compared
with 439.7 in the placebo group). A slightly increased risk of stroke among those taking aspirin was not
statistically significant; this trend was observed primarily in the subgroup with hemorrhagic stroke
(relative risk, 2.14; 95 percent confidence interval, 0.96 to 4.77; P = 0.06). No reduction in mortality from
all cardiovascular causes was associated with aspirin (relative risk, 0.96; 95 percent confidence interval,
0.60 to 1.54). Further analyses showed that the reduction in the risk of myocardial infarction was
apparent only among those who were 50 years of age and older. The benefit was present at all levels of
cholesterol, but appeared greatest at low levels. The relative risk of ulcer in the aspirin group was 1.22
(169 in the aspirin group as compared with 138 in the placebo group; 95 percent confidence interval,
0.98 to 1.53; P = 0.08), and the relative risk of requiring a blood transfusion was 1.71. This trial of aspirin
for the primary prevention of cardiovascular disease demonstrates a conclusive reduction in the risk of
myocardial infarction, but the evidence concerning stroke and total cardiovascular deaths remains
inconclusive because of the inadequate numbers of physicians with these end points.
After the trial was stopped early, all participants were then offered the opportunity to take aspirin, and
the study population remained under observation. Some participants chose to take aspirin while others
did not take it or stopped taking after a while.
A follow up observational study on this cohort was published in 2000 (Cook et al, 2000), where posttrial
use of aspirin was assessed at the 7-year follow-up among 18 496 participants with no previous reported
CVD. Randomized and posttrial observational results in the PHS were compared, and differences
between those self-selecting aspirin and those not were examined.
From the original abstract (Cook et al, 2000):
BACKGROUND: The randomized aspirin component of the Physicians' Health Study (PHS) was terminated
early, after 5 years, primarily because of the emergence of a statistically extreme (P<.00001) 44%
reduction of first myocardial infarction (MI) among those assigned to aspirin. As a result, there were
insufficient numbers of strokes or cardiovascular disease (CVD)-related deaths to evaluate these end
points definitively. METHODS: Data on self-selected aspirin use were collected until the beta carotene
component ended as scheduled after 12 years. Posttrial use of aspirin was assessed at the 7-year followup among 18 496 participants with no previous reported CVD. Randomized and posttrial observational
results in the PHS were compared, and differences between those self-selecting aspirin and those not
were examined. RESULTS: At 7 years, 59.5% of participants without CVD reported self-selected aspirin
use for at least 180 d/y, and 20.8% for 0 to 13 d/y. Use was significantly associated with family history of
MI, hypertension, elevated cholesterol levels, body mass index, alcohol consumption, exercise, and use of
vitamin E supplements. In multivariate analyses, self-selected aspirin use for at least 180 vs 0 to 13 d/y
was associated with lower risk for subsequent MI (relative risk [RR], 0.72; 95% confidence interval [CI],
0.55-0.95), no relation with stroke (RR, 1.02; 95% CI, 0.74-1.39), and significant reductions in CVD-related
(RR, 0.65; CI, 0.47-0.89) and total mortality (RR, 0.64; CI, 0.54-0.77). CONCLUSION: These associations
between self-selected aspirin use and CVD risk factors increase the likelihood of residual confounding and
emphasize the need for large-scale randomized trials, such as the ongoing Women's Health Study, to
detect reliably the most plausible small to moderate effects of aspirin in the primary prevention of stroke
and CVD-related death.
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The bias
As Signorello and colleagues point out:
"although the earlier randomization assured balance between patients assigned and not assigned aspirin
during the trial, in the posttrial period, patients on aspirin therapy were not comparable to those who did
not take aspirin with respect to the underlying risk of an MI event. The Physician’s Health Study
investigators compared the characteristics of subjects who reported taking aspirin at least 180 days out
of the previous year with those who took less or none at all.13 Subjects who chose to take aspirin for 180
days or more (compared with nonusers) were: 1) slightly heavier, 2) slightly older, 3) about 30% more
likely to have a family history of MI, 4) almost 20% more likely to be under treatment of hypertension, 5)
almost 50% more likely to be under treatment to lower their cholesterol (and still had higher cholesterol
levels), and 6) about 45% more likely to be daily alcohol drinkers. Conversely, they were shown to be
more likely to exercise at least once per week and also to take vitamin E supplements. Hence, the
baseline profiles between the aspirin and comparison groups differed. Assessing the first MI risk from 7
years to 12 years of follow-up—using self-selected aspirin use— relative risks of 0.83 (95% CI = 0.52–
1.31), 0.90 (95% CI = 0.61–1.33), and 0.72 (95% CI = 0.55–0.95) for takers of 14 to 120 aspirin, 121 to 179
aspirin, and 180 aspirin per year, respectively, were observed. These results were adjusted for more than
15 confounding factors, including age, body mass index, smoking, exercise, personal and family history of
cardiovascular problems, comorbidities, and other clinical factors. The difference between these results
and those of the randomized trial may then be, at least in part, because of uncontrolled confounding by
indication." (Signorello et al. 2002)
The lesson
The PHS aspirin study example clearly illustrates the difference between randomized evaluations of drug
effects and observational (non-randomized) studies on drug effects. As shown in the graphic below from
the Clinical Epidemiology text by Grobbee and Hoes (2009), the randomized design effectively breaks
any potential correlation between the intervention and reasons to initiate or refrain from a specific
intervention (the left arrow in the graphic cannot exist). Using the aspirin study, randomization ensures
that aspirin is not selectively offered to, for example, older males who smoke, are overweight, and have
family history of cardiovascular problems. Thus, confounding by these factors is unlikely to occur.

In an observational design, there will always be correlation between intervention and reasons to initiate
that intervention (as shown in the schematic below; the left arrow now exists).
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The non-randomized, observational design reflects a real life situation, where a drug will usually be
tailored to a patient's profile and likely prognosis. In other words, those who need a drug most are likely
to get it, and those who will be harmed by the drug are most likely to not get it. So, it is highly likely that
aspirin users will be older, smokers, overweight, have already had cardiovascular events, and/or have
comorbid conditions such as diabetes and hypertension. These factors will likely result in confounding
by indication because they are also associated with the outcome. In fact, if this confounding is not
adequately adjusted, it can produce non-intuitive results - aspirin might appear to have no effect or
even appear harmful!
Is there a solution to the problem of confounding by indication? In the PHS follow up study (Cook et al
2000), the authors adjusted for a large number of confounders and still struggled with residual
confounding. Conventional multivariable analyses may not entirely address the problem of confounding,
especially when confounding is due to unmeasured factors or due to time-varying covariates (covariates
that change with time). In a subsequent study (Cook et al, 2002), the same PHS investigators attempted
to address this problem with a more sophisticated approach called marginal structural model (MSM).
This model, along with related methods such as propensity scores (PS) analysis are newer approaches to
handle confounding, when the treatment is not randomly assigned. But these methods still rest on the
assumption of having measured all of the important confounders.
The underlying principle in these novel methods is to use the observational study data, but try to
simulate the randomized trial design. For example, in the propensity score approach, the first step is to
compute each person's probability of being assigned to a particular treatment, given a set of measured
covariates. Then, these predicted probabilities (“propensity scores”) are used to reduce bias by
generating groups with fairly similar levels of indication for treatment. In the case of aspirin, the first
step would be to generate the predicted probability for each person that they be prescribed aspirin,
based on measured covariates such as age, sex, weight, previous cardiovascular disease, etc. In other
words, what is the profile of someone who is likely to be on aspirin therapy? Then comparison between
aspirin and control treatments can be done within individuals with similar levels of the propensity
scores. This should help equalize the two groups (in the same way randomization would) and reduce
confounding by indication, as long as enough covariates were measured (and measured well).
While methods such as propensity scores and marginal structural models can go beyond conventional
methods to adjust for confounding, they may still not be adequate to completely remove the bias. A
recent article entitled "A most stubborn bias: no adjustment method fully resolves confounding by
indication in observational studies" concluded that conventional methods do not control for
unmeasured factors, which often remain important when addressing confounding by indication.
Methods such as propensity scores can be useful under specific situations, but they may not adequately
control confounding by indication in many real-world applications (Bosco et al, 2009).
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ORIGINAL INVESTIGATION

Self-Selected Posttrial Aspirin Use
and Subsequent Cardiovascular Disease
and Mortality in the Physicians’ Health Study
Nancy R. Cook, ScD; Patricia R. Hebert, PhD; JoAnn E. Manson, MD;
Julie E. Buring, ScD; Charles H. Hennekens, MD

Background: The randomized aspirin component of

the Physicians’ Health Study (PHS) was terminated early,
after 5 years, primarily because of the emergence of a
statistically extreme (P,.00001) 44% reduction of first
myocardial infarction (MI) among those assigned to aspirin. As a result, there were insufficient numbers of
strokes or cardiovascular disease (CVD)–related deaths
to evaluate these end points definitively.
Methods: Data on self-selected aspirin use were col-

lected until the beta carotene component ended as scheduled after 12 years. Posttrial use of aspirin was assessed
at the 7-year follow-up among 18 496 participants with
no previous reported CVD. Randomized and posttrial observational results in the PHS were compared, and differences between those self-selecting aspirin and those
not were examined.

with family history of MI, hypertension, elevated cholesterol levels, body mass index, alcohol consumption,
exercise, and use of vitamin E supplements. In multivariate analyses, self-selected aspirin use for at least 180 vs
0 to 13 d/y was associated with lower risk for subsequent MI (relative risk [RR], 0.72; 95% confidence
interval [CI], 0.55-0.95), no relation with stroke (RR, 1.02;
95% CI, 0.74-1.39), and significant reductions in CVDrelated (RR, 0.65; CI, 0.47-0.89) and total mortality (RR,
0.64; CI, 0.54-0.77).
Conclusion: These associations between self-selected
aspirin use and CVD risk factors increase the likelihood
of residual confounding and emphasize the need for largescale randomized trials, such as the ongoing Women’s
Health Study, to detect reliably the most plausible small
to moderate effects of aspirin in the primary prevention
of stroke and CVD-related death.

Results: At 7 years, 59.5% of participants without CVD

reported self-selected aspirin use for at least 180 d/y, and
20.8% for 0 to 13 d/y. Use was significantly associated
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OW-DOSE ASPIRIN has demonstrated clear net benefits
in randomized trials of secondary prevention of cardiovascular disease (CVD), including a wide range of previous occlusive
diseases as well as acute evolving myocardial infarction (MI).1 Evidence from primary prevention trials supports a clear reduction in first MI among men, but the
balance of benefits vs risks for stroke and
CVD-related mortality has not yet been
evaluated definitively. Data from observational studies on these questions of small
to moderate effects have the benefits of
larger numbers of end points and longer
duration, but also have the inherent limitation that their results may result at least
in part from confounding by unmeasured, unmeasurable, or unknown risk factors. The Physicians’ Health Study (PHS),2
a randomized trial of low-dose aspirin in
the primary prevention of CVD, offered a
ARCH INTERN MED/ VOL 160, APR 10, 2000
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unique opportunity to compare the randomized and posttrial observational results and to examine whether and the ways
in which those who self-selected to use aspirin after the end of the randomized aspirin component differed from those who
did not.
The early impact on first MI found in
the PHS would be expected to translate
into a reduced risk for CVD-related mortality, 3 but this has yet to be demonstrated in primary prevention trials, including the British Doctors’ Trial4 and the
Thrombosis Prevention Trial,5 primarily
because of inadequate numbers of deaths.
The impact of aspirin on stroke also remains unclear. Overviews of secondary
prevention trials indicate that aspirin produces clear and consistent reductions in
stroke,6 but in primary prevention there
have been insufficient numbers of strokes
to evaluate this end point definitively. In
the PHS, a possible but nonsignificant ob-
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SUBJECTS AND METHODS
STUDY POPULATION
The PHS was a randomized, double-blind, placebocontrolled 2 3 2 factorial trial of aspirin and beta carotene
in 22 071 US male physicians. The methods and results
have been described in detail previously.2,13 Beginning in
1982, participants, aged 40 to 84 years, with no history of
MI, stroke, transient cerebral ischemia, or cancer (excluding nonmelanoma skin cancer), were randomized to one
of the 4 treatment arms. Participants received monthly calendar packs containing 325 mg of aspirin (Bufferin; provided by Bristol-Myers, Princeton, NJ) with placebo on
alternate days, 50 mg of beta carotene (Lurotin; provided
by BASF Corporation, Ludwigshafen, Germany) with placebo on alternate days, both active drugs, or both placebos. Eligible participants had no contraindications to aspirin use and were not regularly taking aspirin, other
platelet-active medications, or supplements of beta carotene (vitamin A). Written informed consent was obtained
from all study participants, and the research protocol was
reviewed and approved by the institutional review board at
the Brigham and Women’s Hospital, Boston, Mass.
On January 25, 1988, the aspirin component of the
trial was terminated early, after an average of 60.2 months
of follow-up.2 The reported consumption of aspirin or other
platelet-active drugs was 85.7% in the aspirin group and
14.2% in the placebo group at this time. After this date, the
beta carotene component of the trial continued uninterrupted, but all physicians were asked whether they preferred active aspirin or placebo to be included in their calendar packs.

The beta carotene component of the trial continued
until its scheduled end on December 31, 1995.13 At this time,
follow-up information had accrued for an average of 12
years. At the end of 11 years of follow-up (the last year completed by all participants), 99.7% of participants were providing morbidity information, and mortality information
was complete for all but 1 of the 22 071 participants. At
that time, 78.7% of participants were still taking beta carotene or its placebo.
END POINT DEFINITIONS
Throughout the entire follow-up period, written
informed consent was requested to review the participant’s medical records when a relevant end point was
reported. When necessary, details were requested from
hospitals and treating physicians. Reports of CVD or
cause of death were considered confirmed or refuted
only after the examination of all available information by
an end-points committee consisting of 2 internists, a cardiologist, and a neurologist, all of whom were unaware
of treatment assignments and aspirin exposure. When
written consent or relevant records could not be
obtained, a reported event was not classified as confirmed but remained unrefuted.
Diagnoses of nonfatal MI were confirmed using World
Health Organization criteria.14 Nonfatal stroke was defined as a focal neurologic defect, sudden or rapid in onset, that lasted more than 24 hours and was attributed to a
cerebrovascular event. Death due to a cardiovascular cause
was confirmed by convincing evidence from available
sources, including death certificates, hospital records, and
(for death outside the hospital) observers’ accounts.

served increase in strokes resulted primarily from an apparent excess of a small number of hemorrhagic strokes
in the aspirin group (23 vs 12; 95% confidence interval
[CI], 0.96-4.77).2
Observational studies of these questions have, not
surprisingly, been inconsistent.7-12 In all observational
studies, confounding by indication, such as a possible increased (or decreased) self-selection of aspirin use among
those at higher (or lesser) risk for CVD, is difficult, if not
impossible, to quantify. Our report evaluates randomized and observational posttrial data from the PHS and
examines the relation of self-selection of aspirin use to
risk factors for CVD as well as to subsequent morbidity
and mortality after the early termination of the aspirin
component of the PHS.
RESULTS

RANDOMIZED RESULTS
During the 5-year period of the randomized aspirin component of the PHS, there were 378 MIs, 217 strokes (173
ischemic and 35 hemorrhagic), 164 CVD-related deaths,
and 444 total deaths (Table 1), as reported previously. 2 At this time, there was a highly significant
(P,.00001) 44% reduction in first MI among those assigned to active aspirin. There was also a possible but nonARCH INTERN MED/ VOL 160, APR 10, 2000
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significant 22% increase in total stroke, which was largely
confined to a possible but nonsignificant increase in hemorrhagic stroke. The death rate due to CVD was much
lower than originally anticipated,3 so the 95% confidence interval for this end point was wide. Using a combined end point of MI, stroke, or CVD-related death, there
was a significant 18% reduction due to aspirin use (relative risk [RR], 0.82; 95% CI, 0.70-0.96).2 The total number of deaths was similar in both groups.
POSTTRIAL ASPIRIN USE
After the randomized trial period, participants were asked
whether they wanted the white pill in their calendar packs
to contain active aspirin or placebo. At the 7-year followup, nearly 86.6% requested active aspirin (98.6% of those
in the randomized aspirin group, and 74.6% in the placebo group). Actual use as assessed by study questionnaire, however, was lower. Of the 18 496 participants with
no previous reported CVD, 11 010 (59.5%) reported taking aspirin at least 180 days during the past year; 2136
(11.6%), 121 to 179 days; 1501 (8.1%), 14 to 120 days; and
3849 (20.8%), 0 to 13 days. Use was higher among those
who had been randomized to active aspirin, with 65.5%
reporting use of at least 180 days, compared with 53.5%
in the placebo group. These proportions remained relatively stable through the remainder of follow-up. This comWWW.ARCHINTERNMED.COM
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DEFINITION OF ASPIRIN USE
By the 7-year follow-up questionnaire, all participants had
entered the posttrial period (past January 25, 1988), and
self-selected aspirin use at this time was the primary exposure in these analyses. On this and subsequent questionnaires, participants were asked, during the past 12
months, how many days they had taken the white pills from
their calendar packs, with possible response categories of
0, 1 to 13, 14 to 30, 31 to 60, 61 to 90, 91 to 120, 121 to
180, and more than 180 days. Participants were also asked
on how many days they had taken additional aspirin or
medication containing aspirin, using the same response categories. Total aspirin use was estimated from the white pill
count and reported outside use. Responses were collapsed
into the following 4 categories for analysis: 0 to 13, 14 to
120, 121 to 179, and at least 180 days of self-selected aspirin use in the past year.
STATISTICAL METHODS
Analyses of randomized aspirin use have been published
previously and are based on person-years from time of randomization to the time of first CVD event or termination
of the randomized aspirin component.2 Analyses of selfselected aspirin use at the 7-year follow-up considered events
occurring during the observational posttrial period from
7 years through database closure on October 24, 1995, an
approximate 5-year follow-up period. All analyses of the
posttrial period excluded participants with any previous report of CVD, including MI or other ischemic heart disease, stroke, transient ischemic attack or other cerebrovascular disease; atrial fibrillation; coronary artery bypass graft;

percutaneous transluminal coronary angioplasty; carotid
artery surgery; or angina. A total of 18 496 participants remained available for analysis. Analyses of cancer or total
mortality also excluded those with a diagnosis of cancer
before the 7-year follow-up (n = 595).
Known cardiovascular risk factors were considered as
correlates of self-selected aspirin use. These included age,
smoking, body mass index (BMI; calculated as weight in kilograms divided by the square of height in meters), hypertension, cholesterol level and treatment, diabetes, previous
pulmonary embolism or deep vein thrombosis, intermittent
claudication, migraine, family history of MI, use of warfarin
sodium (Coumadin) or heparin, exercise, use of alcohol, and
use of supplements of vitamin E. All of these variables were
assessed at the 7-year follow-up, except for BMI and family
history of MI (assessed at baseline), smoking (assessed at 5
years), and exercise (assessed at 3 years). Crude means and
proportions of these variables were computed for the 4 categories of self-assessed aspirin use. Multivariate odds ratios
were assessed using logistic regression with the 4-category
aspirin variable using the CATMOD procedure of SAS software (SAS Institute, Cary, NC), comparing each aspirin group
to the 0- to 13-d/y category. To test for trend across these aspirin categories, cumulative logistic regression with the
LOGISTIC procedure of SAS software was used.
The association between self-selected aspirin use and
subsequent CVD or mortality in the posttrial period was
assessed using Cox regression models. Trend in risk across
the 4 categories was tested with an ordinal variable. All analyses presented also control for the cardiovascular risk factors described above, as well as for randomized aspirin assignment. Interactions of self-selected use with randomized
assignment and age were also examined.

pares with use in the randomized period of 65.3% taking
aspirin at least 180 days at the 5-year follow-up in the active aspirin group (86.0% taking it $90 days) and 6.8% in
the placebo group taking aspirin at least 180 days.
We compared characteristics according to category of self-selected posttrial aspirin use at the 7-year
follow-up, excluding those in whom CVD had developed before 7 years (Table 2). All reported odds ratios
and P values control for all other characteristics considered. Several statistically significant differences between groups emerged. First, posttrial aspirin use differed by previous randomized assignment. Of those who
chose to take aspirin at least 180 d/y, 55.1% had been
randomized to active aspirin, compared with 37.8% among
those with no or little use of aspirin. There were slight
differences in age and BMI at baseline, with frequent users at 7 years being slightly older and heavier. Larger differences were apparent in the proportions with family history of MI, with frequent users of aspirin more likely to
have such a history. There was significantly less use of
warfarin or heparin, although 8 frequent users of aspirin also reported use of these anticoagulants. There were
no significant differences in previous reports of diabetes
or migraine, although those with migraine reported
slightly less subsequent use of aspirin. There was also no
difference in previous report of headache (data not
shown).
ARCH INTERN MED/ VOL 160, APR 10, 2000
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Table 1. Results From the 5-Year Randomized Aspirin
Component of the Physicians’ Health Study
Among 22 071 US Male Physicians*
Treatment,
No. of Events
Active
Aspirin Placebo RR (95% CI)†
Myocardial infarction
Stroke
Total
Ischemic
Hemorrhagic
Cardiovascular
mortality
Total mortality

P

0.56 (0.45-0.70) ,.00001

139

239

119
91
23
81

98
82
12
83

1.22 (0.93-1.60)
1.11 (0.82-1.50)
2.14 (0.96-4.77)
0.96 (0.60-1.54)

.15
.50
.06
.87

217

227

0.96 (0.80-1.14)

.64

*From Steering Committee of the Physicians’ Health Study Research
Group.2
†Comparison of randomized aspirin vs aspirin placebo.

There were significant differences in treatment of
hypertension and high cholesterol level, as well as differences in cholesterol levels, among the self-selected aspirin groups. Treatment for hypertension was more prevalent among those who chose to use aspirin at least 180
d/y. After controlling for this variable, blood pressure
level itself did not predict posttrial use (data not shown).
WWW.ARCHINTERNMED.COM
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Table 2. Correlates of Self-selected Aspirin Use at 7-Year Follow-up Among Subjects
With No Major Previous Cardiovascular Disease*
Aspirin Use, d/y†

Randomized aspirin, %
OR
P
Randomized beta carotene, %
OR
P
Mean age, y
OR (per 10 y)
P
Mean baseline BMI, kg/m2
OR
P
Family history of MI, %
OR
P
PE-DVT, %
OR
P
Intermittent claudication, %
OR
P
Use of warfarin sodium or heparin, %
OR
P
Diabetes, %
OR
P
Migraine, %
OR
P
Treatment for hypertension, %
OR
P
Cholesterol level
treatment, %
OR
P
Mean level, untreated, mmol/L (mg/dL)
OR (per 10 mg/dL)
P
Smoking
Current, %
OR
P
Past, %
OR
P
Alcohol use
Daily, %
OR
P
Weekly, %
OR
P
Monthly, %
OR
P
Exercise ($1 time per week), %
OR
P
Current vitamin E use, %
OR
P

0-13
(n = 3849)

14-120
(n = 1501)

121-179
(n = 2136)

$180
(n = 11 010)

Trend

37.8
1.00
. . .‡
50.0
1.00
...
58.9
1.00
...
24.8
1.00
...
10.9
1.00
...
1.7
1.00
...
1.3
1.00
...
0.8
1.00
...
3.6
1.00
...
9.9
1.00
...
13.7
1.00
...

39.0
1.07
.31
50.0
1.00
.98
58.1
0.95
.16
24.9
1.00
.80
11.7
1.07
.49
1.4
1.02
.95
1.1
0.99
.98
0.3
0.42
.08
3.2
0.99
.96
10.9
1.12
.26
10.9
0.79
.01

53.8
1.95
,.001
49.8
0.98
.76
58.3
0.93
.03
24.8
1.01
.22
13.0
1.18
.04
1.1
0.89
.64
0.8
0.75
.32
0.1
0.13
.006
2.7
0.81
.19
8.9
0.90
.27
13.3
0.98
.80

55.1
2.04
,.001
50.1
1.00
.97
59.1
1.04
.06
24.9
1.02
.01
13.7
1.27
,.001
1.1
0.80
.20
1.1
0.84
.32
0.1
0.10
,.001
3.6
0.97
.79
8.8
0.91
.17
16.3
1.17
.006

. . .‡
1.74
,.001
...
1.00
.94
...
1.01
.001
...
1.01
.006
...
1.20
,.001
...
0.82
.14
...
0.89
.39
...
0.14
,.001
...
1.00
.98
...
0.92
.08
...
1.20
,.001

3.4
1.00
...
5.2 (200.9)
1.00
...

2.5
0.68
.05
5.2 (201.5)
1.00
.68

4.8
1.35
.03
5.3 (203.3)
1.02
.06

5.5
1.49
,.001
5.3 (204.1)
1.02
,.001

...
1.45
,.001
...
1.02
,.001

6.8
1.00
...
41.3
1.00
...

8.1
1.40
.01
44.7
1.18
.01

6.4
1.02
.87
44.1
1.10
.09

7.0
1.10
.25
43.7
1.06
.17

...
1.02
.69
...
1.01
.83

16.3
1.00
...
43.8
1.00
...
13.9
1.00
...
53.3
1.00
...
4.3
1.00
...

16.1
1.28
.02
50.8
1.49
,.001
13.7
1.28
.02
58.1
1.18
.01
5.2
1.26
.11

16.8
1.38
,.001
49.1
1.46
,.001
15.1
1.42
,.001
56.7
1.11
.07
3.1
0.73
.04

18.5
1.44
,.001
48.9
1.45
,.001
12.9
1.22
.002
57.8
1.19
,.001
5.2
1.21
.04

...
1.31
,.001
...
1.27
,.001
...
1.12
.03
...
1.13
,.001
...
1.21
.007

*OR indicates odds ratio; BMI, body mass index; MI, myocardial infarction; PE-DVT, pulmonary embolism and/or deep vein thrombosis; TIA, transient ischemic
attack; CABG, coronary artery bypass graft; and PTCA, percutaneous transluminal coronary angioplasty. Crude means and proportions are shown for each aspirin
category. Odds ratios and P values are from logistic model predicting aspirin use and compare each category to the 1-13–d/y group, adjusting for all other
variables listed. Multivariate trend tests are from a cumulative logistic model.
†Excludes those with reported MI, stroke, TIA, atrial fibrillation, CABG, PTCA, carotid artery surgery, or angina before the 7-year follow-up.
‡Reference category.
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Table 3. Posttrial Self-selected Asprin Use at 7 Years and Subsequent CVD and Mortality in the Physicians’ Health Study*
Aspirin Use, d/y†

Myocardial infarction
No. of events
RR (95% CI)
Stroke
Total
No. of events
RR (95% CI)
Ischemic
No. of events
RR (95% CI)
Hemorrhagic
No. of events
RR (95% CI)
CVD-related death
No. of events
RR (95% CI)
Death due to acute MI
No. of events
RR (95% CI)
Cerebrovascular death
No. of events
RR (95% CI)
Cancer death†
No. of events
RR (95% CI)
Non-CVD and noncancer death
No. of events
RR (95% CI)
Total death‡
No. of events
RR (95% CI)

0-13

14-120

121-179

$180

P for Trend

76
1.00

24
0.83 (0.52-1.31)

39
0.90 (0.61-1.33)

172
0.72 (0.55-0.95)

.02

55
1.00

21
1.05 (0.63-1.74)

30
1.11 (0.71-1.74)

160
1.02 (0.74-1.39)

.96

42
1.00

13
0.85 (0.46-1.59)

20
0.98 (0.57-1.68)

110
0.92 (0.64-1.33)

.73

6
1.00

2
0.89 (0.18-4.42)

1
0.28 (0.03-2.37)

25
1.29 (0.52-3.20)

.44

60
1.00

10
0.45 (0.23-0.89)

20
0.63 (0.38-1.05)

115
0.65 (0.47-0.89)

.03

10
1.00

4
1.02 (0.32-3.26)

3
0.53 (0.14-1.93)

27
0.86 (0.41-1.79)

.67

13
1.00

2
0.44 (0.10-1.99)

2
0.29 (0.06-1.30)

20
0.51 (0.25-1.05)

.10

62
1.00

32
1.33 (0.87-2.04)

24
0.72 (0.45-1.15)

149
0.78 (0.58-1.05)

.03

67
1.00

24
1.02 (0.63-1.62)

21
0.68 (0.42-1.12)

93
0.53 (0.39-0.74)

,.001

182
1.00

62
0.91 (0.68-1.22)

60
0.64 (0.47-0.85)

348
0.64 (0.54-0.77)

#.001

*Analyses are adjusted for all cardiovascular risk factors listed in Table 2. End points are accrued from the 7-year follow-up through October 1995.
RR indicates relative risk; CI, confidence interval; CVD, cardiovascular disease; and MI, myocardial infarction.
†Excludes those with reported MI, stroke, transient ischemic attack, atrial fibrillation, coronary artery bypass graft, percutaneous transluminal coronary
angioplasty, carotid artery surgery, or angina before the 7-year follow-up.
‡Excluding those with previous cancer before year 7. May not equal the sum of CVD-related, cancer, and non-CVD, noncancer deaths since some patients
with cancer had CVD or non-CVD, noncancer death.

The relationship of aspirin use with cholesterol was
more complex. Treatment for elevated cholesterol levels
was more prevalent among those choosing aspirin. However, besides treatment, level of cholesterol also predicted aspirin use, and there was a significant interaction
of cholesterol level and treatment on the choice of aspirin. Among those not receiving medication for lowering
of cholesterol levels, there was a positive relation of cholesterol level with aspirin use. Among those using such
medication, those with lower cholesterol levels were
more likely to choose aspirin. Thus, those with cholesterol levels under greater control were more likely to use
aspirin.
Although there were no significant differences in
smoking status among the groups, there were strong differences in alcohol use and exercise, even after adjusting for the other cardiovascular risk factors. Frequent users of aspirin tended to report more frequent use of alcohol
(at least up to daily use) and exercise, particularly when
compared with those who did not use aspirin. Frequent
aspirin users were also more likely to take supplements
of vitamin E.
ARCH INTERN MED/ VOL 160, APR 10, 2000
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POSTTRIAL CVD
We assessed the relationship of self-selected posttrial aspirin use at 7 years with subsequent CVD and mortality
in the period from 7 to 12 years of follow-up among those
with no major CVD before this time (Table 3). All analyses were adjusted for all of the risk factors considered in
Table 2 as well as randomized aspirin assignment. During this 5-year posttrial follow-up period, there were 311
unrefuted reports of MI, 266 strokes (including 185 ischemic and 34 hemorrhagic), 205 CVD-related deaths,
and 782 total deaths, 652 of these among persons with
no previous cancer. For MI, there was a statistically significant 28% lower rate of events in the frequent users
($180 d/y) compared with the nonusers (0-13 d/y) (RR,
0.72; 95% CI, 0.55-0.95). The test for trend across all 4
categories was also significant (P = .02). There were no
apparent effects of self-selected aspirin use on stroke, including ischemic or hemorrhagic stroke.
For CVD-related mortality, we observed a statistically significant 35% lower rate among frequent users of
aspirin compared with nonusers (RR, 0.65; 95% CI,
WWW.ARCHINTERNMED.COM
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Table 4. Self-selected Aspirin Use at 7 Years and Subsequent CVD and Mortality in the Physicians’ Health Study
by Randomized Aspirin Assignment*
Effect of Aspirin Use, $180 vs 0-13 d/y†
Active Aspirin Group‡
Myocardial infarction
RR (95% CI)
P
Stroke
Total
RR (95% CI)
P
Ischemic
RR (95% CI)
P
Hemorrhagic
RR (95% CI)
P
CVD-related death
RR (95% CI)
P
Death due to acute MI
RR (95% CI)
P
Cerebrovascular death
RR (95% CI)
P
Cancer death‡
RR (95% CI)
P
Non-CVD and noncancer death
RR (95% CI)
P
Total death§
RR (95% CI)
P

Placebo Group

Interaction,
P

0.84 (0.55-1.27)
.41

0.62 (0.42-0.90)
.01

.28

1.13 (0.68-1.89)
.63

0.93 (0.62-1.38)
.70

.54

1.26 (0.66-2.41)
.48

0.77 (0.49-1.21)
.25

1.85 (0.42-8.03)
.41

0.89 (0.27-2.99)
.86

.45

0.90 (0.55-1.49)
.69

0.49 (0.32-0.76)
.002

.07

1.94 (0.45-8.43)
.38

0.50 (0.19-1.32)
.16

.13

1.34 (0.39-4.62)
.65

0.20 (0.06-0.66)
.008

.03

0.81 (0.50-1.31)
.39

0.78 (0.53-1.15)
.21

.90

0.57 (0.35-0.95)
.03

0.53 (0.35-0.81)
.003

.81

0.75 (0.56-1.00)
.05

0.58 (0.46-74)
,.001

.18

.21

*Analyses are adjusted for all cardiovascular risk factors listed in Table 2. Abbreviations are explained in the first footnote to Table 3.
†Excludes those with reported MI, stroke, transient ischemic attack, atrial fibrillation, coronary artery bypass graft, percutaneous transluminal coronary
angioplasty, carotid artery surgery, or angina before the 7-year follow-up.
‡Randomized treatment assignment during the trial period.
§Excluding those with previous cancer.

0.47-0.89). Rates were also lower in the 2 intermediate
groups, and the test for trend was significant (P = .03).
Although the numbers of events were small, the difference was more apparent for deaths due to cerebrovascular disease than for those due to acute MI. There was
also a marginally significant 22% lower rate of death due
to total cancer in the frequent user vs nonuser group (RR,
0.78; 95% CI, 0.58-1.05), after excluding those with reported cancer before the 7-year follow-up. The test for
trend across the 4 groups was statistically significant
(P = .03), with a lower rate in the 121- to 179-d/y aspirin group as well. The rate of death due to non-CVD and
noncancer causes was also lower in the frequent user
group (RR, 0.53; 95% CI, 0.39-0.74). These differences
were reflected in the rates of total mortality, which was
36% lower in the frequent user group than in the nonuser group, even after excluding those with previous cancer (RR, 0.64; 95% CI, 0.54-0.77). The trend across the
4 groups was highly significant (P,.001), with the 121to 179-d/y group also experiencing lower mortality.
Randomized aspirin assignment was not a significant predictor of any of these outcomes in the posttrial
ARCH INTERN MED/ VOL 160, APR 10, 2000
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period after controlling for observational aspirin use. No
statistically significant interactions of randomized aspirin assignment and posttrial self-selected use were found
for MI or stroke (Table 4), although the risk reductions for MI and CVD-related mortality were stronger
among those who had been randomized to placebo. The
interaction was significant and in the same direction for
cerebrovascular-related deaths. For cancer-related deaths,
other (non-CVD and noncancer) deaths, and total deaths
among those with no previous cancer, the RR estimates
were comparable among those who had been randomized to aspirin and to placebo. In separate analyses, no
significant interactions of age and posttrial aspirin use
were found (data not shown).
COMMENT

In the randomized trial, aspirin decreased the risk for a
first MI by 44% (95% CI, 30%-55%). There were, however, insufficient numbers of events to reliably determine
whether there were reductions for stroke or CVD-related
mortality. In the posttrial period, those who self-selected
WWW.ARCHINTERNMED.COM
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for aspirin use of at least 180 d/y had rates of MI that were
28% lower than those who took aspirin 0 to 13 d/y, a difference that was statistically significant and consistent with
the 44% reduction seen in the randomized trial. There was
no significant decrease or increase in total or ischemic
stroke in the randomized or posttrial periods. Although
based on very small numbers, the randomized results suggested a possible increase in hemorrhagic stroke with aspirin use that was not apparent in the observational data.
In addition, in the posttrial period, there was a significant
reduction in CVD-related mortality with self-selected aspirin use, including mortality due to cerebrovascular causes,
cancer, and noncancer and non-CVD causes and, as a result, in total mortality, findings that were not seen during
the randomized period.

D

ATA FROM from randomized trials show
a clear impact of aspirin on CVD, although data on mortality are limited. In
primary prevention, an overview of the
PHS and British Doctors’ Trial found a
33% reduction in nonfatal MI, but no clear effect on CVDrelated death or nonfatal stroke.15 In addition, there was
no significant effect on ischemic stroke, but a possible
1.9-fold increase in risk for hemorrhagic stroke, based
on small numbers. Secondary prevention trials, as well
as trials of suspected evolving MI,16 have shown a clear
benefit of aspirin use on stroke as well as on MI and death
due to vascular causes. In an overview of 142 trials of
antiplatelet therapy in high-risk patients who had survived a previous occlusive event, nonfatal MI and nonfatal stroke were reduced by one third, and death due to
vascular causes was reduced by one sixth.6 Aspirin alone
was associated with a highly significant 25% reduction
in vascular events. A recent meta-analysis of primary and
secondary prevention trials with stroke subtype information found significant reductions in MI, stroke, and
CVD-related mortality, with an increase in risk for hemorrhagic stroke.17 The totality of evidence from randomized trials thus suggests a definite benefit of aspirin on
MI, stroke, and CVD-related death in secondary prevention and in treatment of a suspected evolving MI. The
evidence concerning primary prevention indicates a clear
protective effect for MI, at least in men, but insufficient
data are available for stroke or CVD-related death, and a
possible small increased risk for hemorrhagic stroke remains plausible.
With respect to observational studies of aspirin, the
earliest show a reduction in risk for first MI among men
and women7 but no significant benefit concerning deaths
due to coronary heart disease.8 A study among the elderly
found a nonsignificant reduction in MI among men, but
possible increases in ischemic heart disease among women.9 A more recent prospective study among middle-aged
women in the Nurses’ Health Study found a significant reduction in first MI among those taking aspirin 1 to 6 times
a week compared with those taking none10 and nonsignificant reductions in CVD-related deaths and important vascular events. No effects on stroke were seen. In addition,
women who self-selected aspirin 7 or more times a week
had no decreases in MI, stroke, or death. In the CardioARCH INTERN MED/ VOL 160, APR 10, 2000
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vascular Health Study, examining short-term predictors of
stroke among the elderly, an increase was seen among men
and women self-selecting aspirin that appeared to be stronger in the subgroup with no previous CVD.11 In a more recent analysis after 4.2 years of follow-up in the same population, women, but not men, who used aspirin frequently
experienced higher rates of ischemic stroke, and in both
sexes combined there was an increase in hemorrhagic
stroke.12 These observational findings need to be interpreted with caution, however, because questions remain
concerning the reasons for aspirin use and doses used, and
because the observed increased risk for ischemic stroke is
not consistent with the totality of evidence from randomized trials.18
In the analysis of posttrial self-selected aspirin use
in the PHS, different dose-response effects were seen for
various outcomes, although the numbers in the middle
2 categories of aspirin use were small. The observed reduction in MI was restricted to those taking aspirin at
least 180 d/y. These results are consistent with an earlier analysis in the PHS that showed the strongest benefit on MI among those with the highest levels of adherence.19 The confidence intervals for the 2 middle posttrial
aspirin groups were wide, however, and could not exclude even a large reduction. For mortality, significant
risk reductions were also observed in lower categories
of use, especially for CVD mortality. These reductions
in mortality, however, especially for non–CVD-related
mortality, are not consistent with trial results.
The differences seen according to frequency of aspirin use as well as apparent discrepancies among the trial
and observational results, particularly for mortality, may
be due to residual confounding. Several risk factors were
highly predictive of self-selected aspirin use in these data,
including age, BMI, family history of MI, treatment of hypertension, and elevated cholesterol level. Smoking was
not predictive of aspirin use, but other lifestyle factors
were associated with more frequent self-selection of aspirin, including exercising at least once per week, more
frequent alcohol consumption, and use of vitamin E
supplements. Risk factors for CVD as well as an interest
in prevention, as assessed through measures such as exercise, antioxidant use, and lipid-lowering medications,
are thus associated with the frequency of aspirin use
among these physicians.
Correlates of self-selected aspirin use seen in this
study were similar to those seen among women in the
Nurses’ Health Study.10 Predictors in common included
the traditional CVD risk factors of hypertension, high cholesterol levels, higher body weight, and family history of
MI. In the Nurses’ Health Study, however, aspirin users
were more likely to smoke and exercised less than nonusers, although they also reported higher alcohol consumption. Both study populations differ in that less than
10% of the nurses taking aspirin were doing so for primary prevention of CVD. Although not undergoing assessment in the PHS, the latter proportion is likely higher
in the population of physicians enrolled in a trial in which
aspirin clearly reduced the risk for first MI. The prevalence of self-selected aspirin use was also much higher
in the PHS, with 60% vs 22% in the Nurses’ Health Study
reporting use at least once every other day.
WWW.ARCHINTERNMED.COM
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Thus, despite multivariate adjustment for a large
number of risk factors, uncontrolled confounding by indication and unmeasured health behavior is likely to remain in these observational data. The unexpected reductions seen in non–CVD-related mortality, in particular,
are unsupported in trial data, and may be due to such
residual confounding. In primary prevention, the benefit of aspirin on MI is clear, but effects on stroke and
vascular death remain unclear because of inadequate numbers of these events in randomized trials. Thus, the most
reliable evidence on the balance of risks and benefits of
aspirin will accrue from large-scale and long-term randomized trials, most notably the ongoing Women’s Health
Study, testing the effect of low-dose aspirin and vitamin
E on CVD and cancer among 39 876 female health professionals.20
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Confounding by Indication in Epidemiologic Studies of
Commonly Used Analgesics
Lisa B. Signorello,1,2* Joseph K. McLaughlin,1,2 Loren Lipworth,1,2 Søren Friis,3
Henrik Toft Sørensen,2,4 and William J. Blot1,2

Confounding by indication is a bias frequently encountered in observational epidemiologic studies
of drug effects. Because the allocation of treatment in observational studies is not randomized and
the indication for treatment may be related to the risk of future health outcomes, the resulting
imbalance in the underlying risk profile between treated and comparison groups can generate
biased results. Confounding by indication is often present in studies of drugs that are not widely
prescribed, because the indications for their use are narrow and not likely to be present in comparison groups; however, this bias is also observed in the study of widely used over-the-counter and
prescription drugs, as exemplified by studies of analgesics. In this article we review examples from
the published literature to demonstrate how confounding by indication can affect the findings of
pharmacoepidemiologic studies relating analgesic use to various health outcomes.
Keywords: non-narcotic analgesics, confounding factors, epidemiology, acetaminophen, aspirin.

INTRODUCTION
In epidemiology, when one seeks to estimate the effect
of an exposure on an outcome (for example, a disease
or other medical event), a confounder is an extraneous
factor that, if not properly accounted for, can bias or
distort the association observed between the exposure
and outcome. In order for a factor to be considered a
confounder, it must satisfy specific criteria. A confounding factor must be: a risk factor for the outcome,
independent of the exposure of interest; associated
with the exposure in the source population from
which the cases arise; and not be an intermediate step
in the causal pathway between the exposure and the
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outcome.1 In the presence of confounding, if one calculates a crude estimate of the effect of the exposure
on the outcome, one would partially see the effect of
the exposure and partially the effect of the confounder. This bias prevents investigators from validly
assessing a cause-and-effect relationship. Numerous
sources exist that provide greater detail about the general issue of confounding.1,2
Confounding by indication is the term given to a
specific type of confounding often encountered in observational epidemiologic studies of drugs or other
clinical therapies. Unless the allocation of treatment is
dictated by a randomization process (ie, in the context
of a randomized intervention trial), there will always
be an indication for treatment — that is, a reason why
some patients receive a particular treatment and others do not. The indication for treatment is rarely easy
to characterize, because it is typically a combination of
several factors that contribute to the physician’s decision-making process about whether to assign a particular treatment or, in the case of over-the-counter
(OTC) medications, to the individual’s decision to selfmedicate with a particular drug. Factors that make up
the indication (or, just as importantly, the contraindication) for treatment can include the stage or severity
of the disease, family history of disease, symptoms,
concomitant medical conditions, concurrent therapies,
DOI: 10.1097/01.MJT.0000015792.80073.AE
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past response to other treatments, the physician’s personal estimation of the prognosis of the patient, the
patient’s individual preferences, and the age or sex of
the patient.3,4
Unfortunately, the indication for treatment is usually not present in comparison groups of nontreated
individuals, and usually predictive—if only indirectly—of future health outcomes. This creates a situation whereby the indication itself becomes a confounder (thus the term “confounding by indication”), and the underlying risk profile or baseline
prognosis of treated individuals is likely to differ
from nontreated individuals, rendering the two
groups noncomparable.
It is often true that, among patients with the same
disease, those with a worse prognosis are more heavily represented in the treated group. In addition,
among patients who have the same disease but undergo different treatments, certain treatments are often reserved for the most ill.5 For example, in a hypothetical population of hypertensive patients, assume
that 90% of those treated with a particular drug—but
only 15% of those untreated—have an advanced or
severe form of the disease. In a study of the possible
effect of the drug on mortality, comparing the drugtreated patients to a randomly sampled control group
from the general population is hazardous, because the
inevitably higher mortality rate among those taking
the drug may be incorrectly attributed to the drug and
not to the higher baseline risk of death among the
drug users, because of their underlying hypertension.
Even comparing the treated hypertensive patients to
the nontreated hypertensive patients would be inadequate, because—given the disparity in the severity of
disease between the two patient groups—mortality
would be higher, independent of treatment, for the
treated than the untreated group. In crude (or incompletely adjusted) analyses, one would see the effect of
poor prognosis mixed with any treatment effect of the
drug, potentially masking any beneficial effect that the
drug provides.3,6,7
Confounding by indication is often present in studies of drugs that are not widely prescribed, because
the indications for their use are narrow and not likely
to be present in comparison groups; however, this bias
is also frequently noted in the study of widely used
prescription and OTC drugs, as exemplified by studies
of analgesics. In this article we present examples in
which confounding by indication may have played a
role in the findings of epidemiologic studies examining the relationship between analgesics and various
health outcomes. The examples selected in this article
have important public health implications, because
the exposures studied are exceptionally common (ie,
American Journal of Therapeutics (2002) 9(3)

SIGNORELLO ET AL

aspirin and acetaminophen) and the health outcomes
studied impart a significant burden in most populations (ie, cardiovascular disease, renal failure, asthma,
and upper gastrointestinal disorders).

ASPIRIN AND MYOCARDIAL
INFARCTION
The Physicians’ Health Study is among a number of
randomized trials that have provided strong evidence
to show that low-dose aspirin is a significant factor in
the primary and secondary prevention of adverse cardiovascular outcomes.8–12 The Physicians’ Health
Study was a randomized, double-blind, placebocontrolled trial that had as one of its objectives to estimate the protective effect of aspirin on cardiovascular disease and mortality. This component of the study
(randomization to aspirin intake every other day) was
halted after an average of 5 years of follow-up when a
clear and significant 44% reduction in the risk of first
myocardial infarction (MI) was detected.9 All participants were then offered the opportunity to take aspirin after the trial stopped, and the study population
remained under observation.
After the termination of aspirin randomization, in
the posttrial period (at 7 years follow-up), Physicians’
Health Study participants completed a follow-up
questionnaire that asked about use of aspirin. Twelve
years into the trial, the investigators performed a follow-up to their original analysis, affording an opportunity to directly compare the earlier randomized results with new, essentially observational results (resulting from self-selected aspirin use).13 This provided
a unique opportunity to directly estimate the magnitude of possible confounding by indication that would
be present in an observational study of aspirin intake
and MI.
The term confounding by indication is appropriate because the indication for taking aspirin (as a result of
medical advice or personal choice) was independently
related to the risk of MI. Although the earlier randomization assured balance between patients assigned and
not assigned aspirin during the trial, in the posttrial
period, patients on aspirin therapy were not comparable to those who did not take aspirin with respect to
the underlying risk of an MI event. The Physician’s
Health Study investigators compared the characteristics of subjects who reported taking aspirin at least 180
days out of the previous year with those who took less
or none at all.13 Subjects who chose to take aspirin for
180 days or more (compared with nonusers) were: 1)
slightly heavier, 2) slightly older, 3) about 30% more
likely to have a family history of MI, 4) almost 20%
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more likely to be under treatment of hypertension, 5)
almost 50% more likely to be under treatment to lower
their cholesterol (and still had higher cholesterol levels), and 6) about 45% more likely to be daily alcohol
drinkers. Conversely, they were shown to be more
likely to exercise at least once per week and also to
take vitamin E supplements. Hence, the baseline profiles between the aspirin and comparison groups differed. Assessing the first MI risk from 7 years to 12
years of follow-up—using self-selected aspirin use—
relative risks of 0.83 (95% CI = 0.52–1.31), 0.90 (95% CI
= 0.61–1.33), and 0.72 (95% CI = 0.55–0.95) for takers of
14 to 120 aspirin, 121 to 179 aspirin, and ⱖ180 aspirin
per year, respectively, were observed.13 These results
were adjusted for more than 15 confounding factors,
including age, body mass index, smoking, exercise,
personal and family history of cardiovascular problems, comorbidities, and other clinical factors. The difference between these results and those of the randomized trial may then be, at least in part, because of
uncontrolled confounding by indication.
Although in this particular exercise the difference
between the randomized and the observational results
was not extreme, under another set of circumstances—
especially in a more heterogeneous population or in a
study where complete information on confounders
was not collected—it could have been, and the authors
clearly demonstrated the potential for these confounding factors to mask the protective effect of aspirin.
ANALGESICS AND RENAL FAILURE
Conclusive evidence has linked renal failure to heavy
use of phenacetin-containing analgesic preparations14;
however, in the time since phenacetin was removed
from the market, several epidemiologic studies have
also suggested that other analgesics, namely aspirin
and acetaminophen (paracetamol, a major metabolite
of phenacetin15), could be associated with the risk of
renal failure, and a number of review papers have
been published on this topic.16–20 Most studies have
used patients who are enrolled late in the natural history of chronic renal failure or patients who have
reached end-stage renal disease.16 This is problematic
because, at the onset of renal failure, doctors sometimes recommend a switch from using aspirin and
other nonsteroidal anti-inflammatory drugs (NSAIDs)
to using acetaminophen when an analgesic or antipyretic drug is needed, because of acetaminophen’s relative safety with regard to renal function.21,22
In a case-control study in the United States, an increased risk of end-stage renal disease was associated
with acetaminophen, but a decreased risk was associated with aspirin,23 possibly reflecting this switching
from the one analgesic to the other. In a recent case-
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control study that we performed in Sweden,24 we
found a positive association between both acetaminophen and aspirin and the risk of chronic renal failure.
Despite the fact that the cases were identified in the
early stages of renal failure, all had pre-existing renal
or systemic disease that was likely to be symptomatic
in the years preceding their enrollment in the study.
Symptoms of the underlying conditions predisposing
to renal failure could have triggered analgesic consumption among these patients, possibly accounting
for some measure of the observed association. This
variant of confounding by indication is often called
protopathic bias.25 Protopathic bias occurs when drugs
are prescribed to treat symptoms that are actually
early manifestations of the outcome of interest (or
manifestations of precursors to the outcome of interest).3,25,26 Technically, this type of bias is not true confounding, but a reversal of cause and effect, in which
the outcome precedes the exposure of interest.27 Because analgesics are used to treat aches and pains,
which are frequently the harbingers of more serious
disease, epidemiologic studies relating analgesic use
to disease outcomes are especially vulnerable to protopathic bias.
ACETAMINOPHEN AND CANCER MORTALITY
We recently conducted a study to investigate the association between acetaminophen use and mortality
from cancer and other diseases. Using a populationbased prescription database and national mortality
files in Denmark, we compared the mortality rates of
nearly 50,000 adults prescribed acetaminophen to
those observed in the general population.28 Overall,
acetaminophen users exhibited a uniform two- to
three-fold excess of mortality for all site-specific cancers (excesses of mortality for all other causes of death
were also observed, although the increases were generally not as great as for cancer). A systematic pattern
emerged, whereby statistically significant four- to
eight-fold increases in cancer mortality were observed
during the first year after the acetaminophen prescription, but all relative risks were sharply attenuated, and
some became close to unity or nonsignificant beginning in the second or third year of follow-up. There
was also no indication that cancer mortality increased
with increasing numbers of acetaminophen prescriptions. The nonspecific results implicating acetaminophen as a risk factor for every type of cancer death, the
mortality excess decreasing or disappearing with increasing follow-up, and the lack of dose-response all
argue against a causal association. The most plausible
explanation is that individuals who are suffering from
cancer are prescribed acetaminophen for pain relief
during time periods 1 or more years before death.
American Journal of Therapeutics (2002) 9(3)
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Hence, the relationship observed between acetaminophen use and cancer mortality is most likely an artifact
generated by protopathic bias in which, in this exaggerated case, the drug is prescribed after overt manifestation of the disease rather than precursor symptoms of the disease are discovered, making the bias
much easier to identify.
ACETAMINOPHEN AND ASTHMA
Recent studies have suggested an association between
acetaminophen use and asthma. An international ecologic analysis found that sales of this drug were positively correlated with asthma prevalence at the national level.29 At the individual level, the same authors
also reported a significant association between acetaminophen use and asthma30; however, this casecontrol study used prevalent asthma cases and evaluated analgesic usage after the onset of the disease.30
Thus, it is likely that the indication for taking acetaminophen could be related to the disease itself. Asthmatics are often recommended to take acetaminophen
for analgesic purposes because of the severe adverse
reactions that aspirin and other NSAIDs can induce in
many asthmatics.31,32 It is also possible that asthmatics
may have a higher prevalence of comorbidities than
healthy controls and may seek to relieve symptoms
associated with asthma or headaches induced by ␤2agonist treatment. Thus, the causal nature of the reported association between acetaminophen and
asthma is questionable and requires a more appropriate study design to assess.
ACETAMINOPHEN AND UPPER
GASTROINTESTINAL DAMAGE
The consumption of aspirin and NSAIDs long has
been implicated, convincingly, as an etiologic factor in
upper gastrointestinal (GI) disorders such as ulcers
and bleeding.33,34 For decades, patients prone to gastric damage, or who have a history of gastric or duodenal ulcer or upper GI bleeding in particular, are
often counseled to replace their aspirin and NSAID
use with acetaminophen.33,35 This pattern of prescribing is well-established in clinical practice and has also
been documented in epidemiologic studies. For example, McIntosh et al36 directly addressed this issue
within their case-control study of analgesics and peptic ulcer. These authors separated new and recurrent
cases of peptic ulcer, and showed that the acetaminophen use of new and recurrent cases was significantly
different; more than twice as many recurrent cases
than new cases used acetaminophen daily. Among the
cases with recurrent ulcer, 62% of those taking acetaminophen daily reported that they had received
American Journal of Therapeutics (2002) 9(3)
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medical advice to use acetaminophen instead of aspirin or other antiarthritic drugs because of their history
of ulcer. Overall, despite the obvious association between acetaminophen intake and recurrent ulcer,
these investigators noted no association between daily
use of acetaminophen and risk of a first diagnosis of
peptic ulcer (relative risk = 1.2, 95% CI = [0.5–2.6] for
an average daily dose of 1050 mg among the cases, for
more than 4 consecutive weeks in the past 6
months).36 This study demonstrates that failure to distinguish between new and chronic cases could create
an artifactual association between acetaminophen and
ulcer. A previous diagnosis of ulcer has clear implications for subsequent exposure to different analgesics,
in particular the avoidance of medications considered
to be ulcerogenic.36 Thus, in this case, the indication
for taking acetaminophen is likely to be linked to one’s
underlying risk of future adverse gastric outcomes,
and any study that attempts to establish an association
between acetaminophen and these outcomes will need
to overcome this confounding by indication.
One such example is a recent case-control study of
upper GI complications in relation to prescribed acetaminophen and NSAID use.37 Although several previous epidemiologic studies have found no association between acetaminophen intake and adverse GI
effects,33,36,38–40 and clinical evaluations suggest only
minor amounts of gastric mucosal damage in response
to acetaminophen use,41,42 Garcia Rodriguez and Hernandez-Diaz37 found that current users of prescribed
acetaminophen (at doses greater than 2 g per day)
were about three and a half times more likely to suffer
from upper GI complications than nonusers. The authors used a general practitioners’ research database
to identify their study subjects. Detailed information
on the length of time that patients were covered by the
computerized database (ie, how much of their medical
history would be available to the investigators) was
not provided, and it is likely that complete or longterm medical histories were not available for many
subjects. In that case, predisposing medical events or
diagnoses (for example, incidences of dyspepsia, gastroesophageal reflux disease, or ulcer, which would
make up part of the indication or contraindication for
drug treatment) would be missed. These types of conditions would clearly be risk factors for future upper
GI disorders, as the authors demonstrate with their
study data, in which prior GI conditions (independent
of any analgesic treatment) strongly increased the risk
of future upper GI complications.37 Without complete
data on these aspects of the subjects’ medical history,
the investigators would be unable to successfully use
stratification or statistical adjustment to fully control
for the confounding influence of these factors. When
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the authors adjusted for the data that they did have
(including the available information on antecedents of
upper GI disorders), the relative risks they calculated
fell dramatically, indicating strong confounding bias.
Since the information on predisposing conditions is
likely to be incomplete, residual confounding by indication is nearly unavoidable, and the relative risk estimates are therefore potentially biased.
As mentioned previously, patients known or suspected to be at high risk of GI complications may preferentially be prescribed acetaminophen rather than
NSAIDs. This is especially true when high doses are
required, because high-dose NSAIDs are known to be
associated with very large increases in gastric complication risk.34 Consequently, even the dose-response
relationship observed by Garcia Rodriguez and Hernandez-Diaz37 could be attributable to confounding
by indication. Physicians would be especially careful
not to prescribe high doses of NSAIDs to those at
greatest risk of GI bleeding, and patients who are
switched to increasingly higher doses of acetaminophen may be the groups at increasingly higher risk of
adverse outcomes.
Another potential explanation for an association between acetaminophen and upper GI disorders is protopathic bias, when the GI disorder precedes and triggers the use of acetaminophen. It has been shown that
analgesic use may be prompted by the symptoms associated with GI discomfort.43 In their case-control
study, Langman et al43 found a modest positive association with acetaminophen use in the time period immediately preceding hospital admission for upper GI
bleeding, but no association with longer-term regular
use of acetaminophen in the 3 months preceding admission. Taking into account the reported reasons for
taking acetaminophen, the association between acetaminophen and GI bleeding was not detected when
the reason for use was non–GI-related (ie, for headache, colds, influenza), but was observed only when
the reason was indigestion.
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may be greater than those encountered when studying
other drugs. Unlike more specialized prescription
drugs, which may have well-defined indications for
use, analgesics are used universally for a broad and
often nonspecific array of indications. Therefore, the
task of identifying the constellation of factors that
make up the indication for their use—factors that need
to be accounted for in analysis—can be more difficult,
if not impossible. When studying adverse effects of
prescription drugs, data on the indication for prescribing may be accessible in the patients’ medical records,
or in computerized databases, which is usually not the
case for OTC analgesics. Thus, investigators more often need to rely on collecting data on important confounders via self-report, which may lead to higher degrees of information bias. Regular or heavy users of
analgesics also often have a high level of comorbidity44 that can easily obscure the relationship between
analgesics and future health outcomes, if not properly
accounted for. Finally, as mentioned previously, because pain is a common symptom that precedes the
clinical diagnosis of countless health outcomes, protopathic bias can spuriously generate associations between analgesics and the disorders that triggered their
use, reversing the true sequence of cause and effect.
Although new analytic techniques that seek to
counter the effects of confounding by indication (including case-crossover and case-time control designs45
and propensity score methods46,47) are at the disposal
of investigators, this bias is still very difficult to avoid
in observational studies. A critical awareness of this
methodologic problem is therefore warranted when
evaluating pharmacoepidemiologic studies regarding
analgesic use. This is particularly true for clinicians,
who often base decisions in medical practice on
the available published evidence, and are often
called upon to interpret publicized study findings for
their patients.
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Abstract
Objective: To evaluate the effectiveness of methods that control for confounding by indication, we compared breast cancer recurrence
rates among women receiving adjuvant chemotherapy with those who did not.
Study Design and Setting: In a medical record review-based study of breast cancer treatment in older women (n 5 1798) diagnosed
between 1990 and 1994, our crude analysis suggested that adjuvant chemotherapy was positively associated with recurrence (hazard ratio
[HR] 5 2.6; 95% conﬁdence interval [CI] 5 1.9, 3.5). We expected a protective effect, so postulated that the crude association was confounded by indications for chemotherapy. We attempted to adjust for this confounding by restriction, multivariable regression, propensity
scores (PSs), and instrumental variable (IV) methods.
Results: After restricting to women at high risk for recurrence (n 5 946), chemotherapy was not associated with recurrence (HR 5 1.1;
95% CI 5 0.7, 1.6) using multivariable regression. PS adjustment yielded similar results (HR 5 1.3; 95% CI 5 0.8, 2.0). The IV-like
method yielded a protective estimate (HR 5 0.9; 95% CI 5 0.2, 4.3); however, imbalances of measured factors across levels of the IV suggested residual confounding.
Conclusion: Conventional methods do not control for unmeasured factors, which often remain important when addressing confounding
by indication. PS and IV analysis methods can be useful under speciﬁc situations, but neither method adequately controlled confounding by
indication in this study. Ó 2009 Elsevier Inc. All rights reserved.
Keywords: Confounding by indication; Propensity score; Instrumental variable; Nonrandomized studies; Breast cancer; Chemotherapy

1. Introduction
Confounding by indication remains an often intractable
threat to validity in observational studies [1]. Although confounding is best controlled by a randomized design, randomization is not always feasible. For example, patients
cannot be randomized to receive placebo when an efﬁcacious therapy is available [2]. Furthermore, trials often exclude patients with preexisting conditions [3], particularly
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older adults [4]. Nonrandomized designs must evaluate
the effectiveness of therapies whose efﬁcacy has been established in select groups by clinical trials, but not in broader populations that might react differently to the therapy.
For these and other reasons [3], nonrandomized studies of
therapy effectiveness will remain important [1]. In addition,
generalizing results from clinical trials with select patient
populations may actually cause harm in the heterogeneous
populations treated in clinical practice [5].
As an example, clinical trials of adjuvant chemotherapy
in women aged 40e59 years with early-stage breast cancer
demonstrate its efﬁcacy with reductions in 5-year mortality
between 20% and 40% [6], but it is uncertain whether these
beneﬁts extend to older women, who bear the majority
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What is new?
Key Findings
(1) The implementation of propensity score (PS) adjustment does not guarantee comparability between the exposure groups;
(2) A strong instrumental variable (IV) may be
confounded;
(3) Restricting to a more homogenous population remains an effective way to control for
confounding.
What this adds to what was known
The use of PSs and IV methods is not universally effective across all observational settings.
What is the implication, what should change now
Researchers should understand the limitations and appropriateness of the PS and IV methods in relation to
their data before implementing and interpreting results
that may be as biased as results generated by conventional methods.

burden of breast cancer occurrence [7]. Nonrandomized
studies of older women with early-stage breast cancer suffered from differences in prognosis between women who
received adjuvant chemotherapy and women who did not
receive adjuvant chemotherapy [8,9], and thus are
potentially biased by confounding by indication.
When the validity of a study is threatened by confounding by indication, it is not straightforward to determine
which method of adjustment, if any, is most effective in obtaining a valid and precise estimate of effect. Conventional
methods to adjust for confounding, such as restriction and
multivariable regression, leave residual confounding because of unmeasured factors. Thus, propensity score (PS)
adjustment and the instrumental variable (IV) approach
have become increasingly popular [10e13], with the intent
to address this residual confounding by simulating a randomized environment. PS adjustment theoretically increases comparability between the comparison groups by
creating pseudorandomization of measured confounders
[14]. The goal of the IV approach is to reduce confounding
by indication through the use of a variable that is associated
with the exposure, unrelated to the confounders, and has no
direct association with the outcome other than through the
exposure [15]. However, several investigators have cautioned that these alternative methods are not universal solutions to the problem of confounding by indication
[10,11,13,16e18].
Three observational studies used the SEER-Medicare
[19] linked data set and found that adjuvant chemotherapy
decreased the rate of breast cancer-speciﬁc mortality [20]
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and all-cause mortality [20e22] in older women, with the
greatest beneﬁt seen in women with node-positive, estrogen
receptor negative tumors [20,21]. Based on these results
and those of clinical trials among middle-aged women
[6], we expect adjuvant chemotherapy to be protective
against breast cancer recurrence in older women. With this
prior information in mind, we compared methods used to
reduce confounding. We implemented restriction, multivariable regression, PS adjustment, and an IV-like method to
estimate incidence rates of breast cancer recurrence in
women who received adjuvant chemotherapy compared
with women who did not, in the Breast Cancer Treatment
Effectiveness in Older Women (BOW) cohort [8,9,23].

2. Methods
2.1. Study population
The BOW cohort study was conducted at six integrated
health care systems that are part of the 14-system
consortium of the Cancer Research Network (CRN) [24].
The overall goal of the CRN is to increase the effectiveness
of preventive, curative, and supportive interventions for
major cancers through a program of collaborative research,
and to determine the effectiveness of cancer control interventions that span the natural history of major cancers among
diverse populations and health systems. The six systems were
Group Health Cooperative, Seattle, WA; Fallon Clinic
Worcester, MA; Kaiser Permanente Southern California,
CA; Lovelace Health System, New Mexico; HealthPartners,
Minneapolis, MN; and Henry Ford Health System, Detroit,
MI. The institutional review boards of each health care
system and the Boston University Medical Center approved
this study.
Detailed data collection methods have been described
previously [23]. Brieﬂy, our cohort included women 65
years of age or older diagnosed with early-stage (IeIIB)
breast cancer between 1990 and 1994 at one of these six integrated health systems. Women with bilateral cancer or
other malignancies except nonmelanoma skin cancer were
excluded if their diagnosis was within 5 years before, or
30 days after, their initial breast cancer diagnosis. Our exposure of interest was adjuvant chemotherapy, therefore
women who received only a biopsy (n 5 22), neoadjuvant
chemotherapy (n 5 3), or had implausible chemotherapy
start and stop dates recorded (n 5 13) were excluded from
this analysis. We will refer to this population as the
‘‘unrestricted cohort.’’
2.2. Data collection
Demographic and tumor characteristics, breast cancer
treatments, recurrence, and comorbid conditions were collected via medical record reviews conducted up to 10 years
postdiagnosis. Details of the medical record review are described by Thwin et al. [25].
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2.3. Analytic variables
2.3.1. Adjuvant chemotherapy
Women who received adjuvant chemotherapy were considered the index group. Among women who received adjuvant chemotherapy, the median length of time to last
adjuvant chemotherapy course was 183 days after diagnosis. Type of chemotherapy, start and stop dates, number
of courses, and completion were also collected. Women
who were not referred, not recommended, refused, or did
not receive adjuvant chemotherapy comprised the reference
group. Women with no mention of chemotherapy in the
medical records were assigned to the reference group.
2.3.2. Follow-up time
We deﬁned the start of follow-up as the date of last adjuvant chemotherapy course (index) or 183 days after diagnosis (reference), and follow-up continued until the
diagnosis of breast cancer recurrence, death from any
cause, disenrollment from the health care system, or the
completion of 10 years of follow-up, whichever came ﬁrst.
2.3.3. Breast cancer recurrence
Breast cancer recurrence was deﬁned as a tumor pathologically or clinically diagnosed during the follow-up period. Tumors that occurred in the same breast as the
original tumor or in any lymph node or distant site were
classiﬁed as a recurrence. Women with recurrence
(n 5 16) or death (n 5 6) that occurred before the last date
of chemotherapy course or before 183 days after diagnosis
were excluded from the analyses.
2.3.4. Patient characteristics
Demographic, tumor, and breast cancer treatment characteristics were considered potential confounders in the association between adjuvant chemotherapy and recurrence.
Women were categorized by age at diagnosis (65e69;
70e74; 75e79; >80 years old), race/ethnicity (non-Hispanic White; Hispanic and/or Other Race), tumor size
(!1; 1 to !2; 2 to !3; >3 centimeters [cm]), node positivity (negative [no presence of breast cancer in lymph
nodes]; 1e3 positive nodes; > 4 positive nodes; not determined), histologic grade (well differentiated; intermediate
or moderately differentiated; poorly differentiated, undifferentiated, or anaplastic; not determined or stated), primary therapy (breast conserving surgery [BCS] only;
BCS plus radiation therapy; mastectomy), estrogen receptor
(ER) expression (positive; negative; other), progesterone
receptor (PR) expression (positive; negative; other), tamoxifen (prescribed; not prescribed), and baseline Charlson Comorbidity Index score (0; 1; >2) [26]. Women who did not
have an axillary lymph node dissection were similar to
women who were node-negative and the two groups were
combined. Women who were recorded as ‘‘other’’ for ER
expression or PR expression were combined with ER positive expression and PR positive expression, respectively.
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Women who were prescribed tamoxifen or another hormonal agent (n 5 2) were classiﬁed as having received
tamoxifen.
2.4. Data analysis
Descriptive statistics for demographic, tumor, and treatment characteristics were calculated using univariate statistics. These characteristics were also evaluated as potential
confounders of the association between adjuvant chemotherapy and breast cancer recurrence using contingency
table analyses.
We compared several methods in their ability to obtain
valid and precise results, using the prior from trials of younger breast cancer patients as a guide for the expected direction of the effect. Figure 1 illustrates the analytic samples
used for each of the analytic methods described later. All
analyses were performed using SAS statistical software
version 9.1 (SAS Institute, Cary, NC, USA).
2.4.1. Unadjusted analysis
Using Cox proportional hazards regression on the unrestricted cohort, we estimated the hazard ratio (HR) associating receipt of adjuvant chemotherapy vs. not receiving
adjuvant chemotherapy.
2.4.2. Restricted analysis
Within the unrestricted cohort, we identiﬁed a restricted
subset of women as at high risk for recurrence using the St.
Gallen [27] criteria from the calendar time of diagnosis
(1992). These criteria combine tumor size, node positivity,
histologic grade, and ER and PR expression to identify
women who are considered at high risk for recurrence. A
woman was classiﬁed as at high risk if she was nodepositive, or node-negative with one of the following three
tumor characteristics: (1) poorly differentiated, grade III
histology; (2) ER negative and >1 cm diameter; or (3)
ER positive and O2 cm diameter. Using this restricted cohort to reduce confounding, we conducted Cox
proportional hazards regression to estimate the association
between adjuvant chemotherapy and breast cancer
recurrence.
2.4.3. Restriction and multivariable regression
Using the restricted cohort, we adjusted for demographic
characteristics (age group, race/ethnicity, health care system, baseline Charlson Comorbidity Index score [26]), tumor characteristics (tumor size, node positivity, histologic
grade, ER expression, and PR expression), and treatment
characteristics (primary therapy, tamoxifen prescription)
to estimate the HR of breast cancer recurrence comparing
those who received chemotherapy with those who did not.
2.4.4. Propensity score method
A PS is a summary confounder score that is modeled using the exposure as the dependent variable [14,28,29].
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Fig. 1. Venn diagram of analytic sample sizes for each adjustment method used to control for confounding by indication in a study of older women with
breast cancer. *BOW cohort exluding women with biopsy only (n522), neoadjuvant chemotherapy (N53); inconsistent chemotherapy dates (n513), and
women who had a recurrence (n516) or died (n56) before the start of adjuvant chemotherapy or 183 days after date of diagnosis. yRestricted to women
who are classiﬁed as high-risk for recurrence by the 1992 St. Gallen Criteria.25 zTrimmed the sample to exclude women who did not have overlapping propensity scores. xExcludes 253 women because they were the only patient seen by their surgeon or because they were the chronologically ﬁrst patient for their
surgeon, in our dataset.

Using logistic regression with the restricted cohort, we
modeled the probability of receiving adjuvant chemotherapy as a function of the variables included in the multivariable adjusted model. To increase comparability between
our index and reference groups, we trimmed the data to include only women with overlapping scores between the index and reference groups. With the trimmed data set, we
used Cox proportional hazards regression to model the association between adjuvant chemotherapy and recurrence,
using three PS adjustment approaches. First we divided
the trimmed sample into PS quintiles. We adjusted for PS
quintiles and used the lowest quintile as the reference. Second, we adjusted for the continuous PS measure in the Cox
proportional hazards model. Last, we used a doubly robust
adjustment, in which we adjusted for the continuous PS and
the variables used to predict the probabilities of receiving
adjuvant chemotherapy.
As recommended by Sturmer et al. [10], we evaluated
the distribution of patient characteristics within the PS
quintiles among women who received chemotherapy and
women who did not. To assess whether our trimmed data
set differed from the restricted cohort, we performed multivariable adjustment on the trimmed data set and compared
these results to the results of the restricted cohort.
2.4.5. Instrumental variable-like method
The IV method has been used in analyses when confounding by indication is suspected [18,30e33]. Speciﬁcally, the
use of our IV-like approach was intended to control for the
confounding by unmeasured indications for chemotherapy.
Using an approach similar to Brookhart et al.’s preferencebased IV method [13,33], in the restricted cohort, we used
each patient’s surgeon’s chronologically preceding patient’s
receipt of adjuvant chemotherapy (preceding patient within
our data set) as the IV within strata of stage and ER expression to estimate the effect of receipt of adjuvant chemotherapy on time to breast cancer recurrence. We used a surgeon’s

preceding patient’s receipt of adjuvant chemotherapy as a surrogate for a medical oncologist’s preceding patient’s prescription of adjuvant chemotherapy because we did not
have information on each patient’s medical oncologist (in addition, some patients did not see a medical oncologist). We
assigned the IV by stratifying the data set by surgeon. Within
each surgeon, the data were sorted by the patient’s date of diagnosis in chronological order. Patients of surgeons who only
treated one participant in our data set were excluded from the
IV-like analysis. For surgeons with more than one patient, the
chronologically preceding patient’s receipt of chemotherapy
was assigned. The chronologically ﬁrst patient for each surgeon was excluded so that each patient would have an IV
deﬁned.
IV-like estimation requires a two-step process. The ﬁrst
step used logistic regression to estimate the probability of
receiving adjuvant chemotherapy given the preceding patient’s receipt of adjuvant chemotherapy, and included patient characteristics (demographic, tumor, and treatment)
in the model. The second step predicted time to recurrence
from the probabilities calculated in the ﬁrst step, using Cox
proportional hazards regression and adjusting for patient
characteristics.
Using a patient’s surgeon’s preceding patient’s receipt of
adjuvant chemotherapy as the IV, we relied on three key assumptions about the properties of the IV: (1) surgeon’s previous patient’s receipt of adjuvant chemotherapy was
independent of the unmeasured risk factors in the current
patient (IV not associated with confounders); (2) surgeon’s
previous patient’s receipt of adjuvant chemotherapy was independent of the outcome in the current patient (IV had no
direct effect on outcome); and (3) surgeon’s previous patient’s receipt of adjuvant chemotherapy varies within
surgeons (IV associated with exposure).
Following methods outlined by Brookhart and Schneeweiss, we assessed the validity and interpretation of our
estimate from our IV-like approach [13]. The strength of
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the IV was estimated by performing simple linear regression with the IV as the independent variable and receipt
of chemotherapy as the dependent variable in the model.
Weassessed the strength of our IV by comparing it with
the strength reported by Brookhart and Schneeweiss [13].
We used measured patient characteristics as proxies for
unmeasured variables. To evaluate whether our IV assumptions were violated, we calculated the prevalence differences
of patient characteristics between the levels of the IV and the
prevalence differences of patient characteristics between the
two levels of receiving chemotherapy. We assessed the imbalance of these characteristics by calculating prevalence difference ratios between the IV relative to receipt of
chemotherapy. Prevalence difference ratios less than the null
value of 1 indicated that the patient characteristics were more
balanced across the levels of the IV than across the levels of
the exposure. The prevalence difference ratios were compared with the strength of the IV. If the prevalence difference
ratios were less than the strength of the IV, then the estimate
for the association between adjuvant chemotherapy and recurrence using the IV-like method would result in a less biased estimate than using conventional methods [12]. Then
we looked at the prevalence differences across the IV. For
each characteristic, if the prevalence difference across the
IV was not close to zero (no difference), then the IV remained
confounded by that characteristic, and residual confounding
could not be ruled out.
The widths of the 95% conﬁdence intervals (CIs) around
the HRs for each analytic method were calculated as the ratio of the upper limit to the lower limit. Larger widths were
interpreted as having less precision.
We repeated each analytic method to assess whether the
rate of recurrence varied by type of chemotherapy regimen.

3. Results
Frequencies for demographic and tumor characteristics
for the unrestricted cohort who received primary therapy
(n 5 1798), the cohort restricted to women at high risk for recurrence (n 5 946), the PS analytic sample (n 5 723), and
the IV analytic sample (n 5 539) are presented in Table 1
by receipt of chemotherapy. For women classiﬁed as at high
risk, 20% experienced a breast cancer recurrence. In the unrestricted, restricted, PS, and IV samples, a higher proportion
of women who received adjuvant chemotherapy were in the
youngest age category (65e69 years), had a baseline Charlson score of 0, and were node-positive, whereas a lower proportion of women were ER-positive compared with those
who did not receive adjuvant chemotherapy. These differences in distributions illustrate the potential for confounding
by indication. Adjustment for tumor characteristics had the
largest impact on the effect estimates. Node positivity had
that highest magnitude of confounding of 1.7, followed by
histology, tumor size, and ER status (each have a magnitude
of confounding of about 1.3).
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In the unrestricted cohort, receipt of adjuvant chemotherapy was crudely associated with recurrence (HR 5 2.6; 95%
CI 5 1.9, 3.5). After restricting the cohort to women at high
risk for recurrence, the HR relating recurrence to receipt of
chemotherapy (HR 5 1.8; 95% CI 5 1.3, 2.5) seemed to be
confounded by indications for receipt of chemotherapy, presuming the prior based on clinical trials demonstrating a protective effect holds true in this population [6]. We observed
a modest increased hazard rate of breast cancer recurrence
in women who received adjuvant chemotherapy compared
with those who did not after multivariable regression
(HR 5 1.1; 95% CI 5 0.7, 1.6).
The PS distributions among women who received chemotherapy vs. those who did not showed no substantial
overlap (Fig. 2), even after trimming the extreme probabilities of receiving (‘‘All Exposed’’) and not receiving chemotherapy (‘‘All Unexposed’’). Our PS trimmed sample
consisted of 723 women at high risk for recurrence. The
crude estimate for the PS analytic sample was HR 5 1.7
(95% CI 5 1.2, 2.5). The PS quintile adjustment method
yielded a slightly higher HR (HR 5 1.3; 95% CI 5 0.8,
2.0) than the multivariable regression method. Both the
continuous and the doubly robust PS adjustment methods
yielded a HR 5 1.1 (95% CI 5 0.7, 1.7). The multivariable
adjusted association in the PS trimmed sample was similar
to what we observed using the multivariable method on the
restricted cohort (HR 5 1.1; 95% CI 5 0.7, 1.7).
For the IV-like method, to ensure that an instrument was
assigned for each patient, 253 women were excluded because
they were the only patient, in our data set, seen by their surgeon or because they were the chronologically ﬁrst patient, in
our data set, for their surgeon. The ﬁnal analytic sample included 539 women at high risk. The crude estimate for the
IV analytic sample was HR 5 2.1 (95% CI 5 0.1, 3.8). The
IV adjusted estimate was HR 5 0.9 (95% CI 5 0.2, 4.3),
but confounding was not completely controlled. Although
all of our prevalence difference ratios were less than the
strength of the IV of 23.7%, residual associations between
the IV and several measured characteristicsdsuch as histology, tumor size, and node positivitydremained (Table 2).
Our prevalence difference ratios were both above and below
the null, indicating that for some characteristics (age, comorbidity, tamoxifen prescription, ER expression, and PR expression) the IV was more balanced across levels of the
characteristic than the observed exposure, but for others
(race, tumor size, node positivity, histology, and primary
therapy) the IV was less balanced than the observed exposure. For example, the imbalance in tumor size !1 cm was
an absolute difference of 2.99 between those who received
adjuvant chemotherapy and those who did not. The imbalance was reduced to 0.67 for the IV prevalence difference, resulting in a prevalence difference ratio of 0.22. Some of these
characteristics are important prognostic markers for recurrence risk, so these residual associations portend the potential
for residual confounding by indication. Figure 3 depicts the
estimates and standard errors for the association between

Age categories (yr)
65e69
70e74
75e79
80þ
Race/ethnicity
Non-Hispanic White
Hispanic and/or Other Race
Charlson Comorbidity Index
0
1
2þ
Tumor size (cm)
!1
1 to !2
2 to !3
3þ
Node positivity
None
1 to 3 nodes
4þ nodes
Not determined
Histologic grade
Well differentiated
Intermediate/moderate
Poorly differentiated/undifferentiated/
anaplastic
Not determined/stated
Estrogen receptor expression
Positive
Negative
Indeterminate/other
Progesterone receptor expression
Positive
Negative
Indeterminate/other
Primary therapy
BCS only
BCS plus radiation therapy
Mastectomy
Tamoxifen prescribed
Yes
No

Characteristic
63
28
6.6
1.8
86
14
80
19
0.6
6.6
31
28
34
26
38
36
0.6
8.4
29
53
9.0
43
54
3.6
34
61
4.8
1.8
24
74
61
39

106
47
11
3
143
24
134
32
1
11
52
47
57
43
64
60
1
14
49
89
15
71
90
6
57
102
8
3
40
124
102
65

1080
557

211
590
831

980
385
257

66
34

13
36
51

60
24
16

75
12
13

97
61

2
40
116

54
97
7

68
85
5

61
39

1.3
25
73

34
61
4.4

43
54
3.2

8.2

8.2
30
54

25
38
37
0.6

6.3
31
28
35

80
20
0.6

624
165

75
209
505

450
251
88

564
164
61

167

66
240
316

472
255
62
110

65
254
276
194

531
216
42

651
133

256
237
148
148

79
21

9.5
26
64

57
32
11

71
21
7.7

21

8.4
30
40

60
32
7.9
14

8.2
32
35
25

67
27
5.3

83
17

32
30
19
19

94
47

2
38
101

53
82
6

68
69
4

12

13
44
72

40
55
46
1

9
43
40
49

112
28
1

121
20

85
44
9
3

N

Chemo

67
33

1.4
27
72

38
58
4.3

48
49
2.8

8.5

9.2
31
61

28
39
33
0.7

6.4
31
28
35

79
20
0.7

86
14

60
31
6.4
2.1

%

454
128

17
171
394

321
206
55

404
140
38

102

55
184
241

290
231
61
28

52
196
196
138

428
146
8

474
104

244
199
91
48

N

78
22

2.9
29
68

55
35
9.5

69
24
6.5

18

9.5
32
41

50
40
10
4.8

8.9
34
34
24

74
25
1.4

81
18

42
34
16
8.3

%

No chemo

63
28

1
23
67

33
53
5

47
40
4

4

9
25
53

21
35
35
1

5
31
19
36

76
14
1

79
12

60
25
4
2

N

Chemo

69
31

1.1
25
74

36
58
5.5

52
44
4.4

4.4

9.9
27
58

23
38
38
1.1

5.5
34
21
40

84
15
1.1

87
13

66
27
4.4
2.2

%

373
75

49
126
273

274
125
49

356
55
37

93

45
141
169

255
155
38
64

38
130
162
118

299
124
25

379
65

143
145
81
79

N

No chemo

83
17

11
28
61

61
28
11

79
12
8.3

21

10
31
38

57
35
8.5
14

8.5
29
36
26

67
28
5.6

85
15

32
32
18
18

%

(2009)

1227
192
213

13

13
47
85

40
60
58
1

10
49
44
55

126
31
1

87
13

63
30
5.7
1.9

%

-

25

17
38
20

80
16
3.8
21

22
42
23
13

67
28
5.2

137
21

99
47
9
3

N

No chemo

IV cohortd (n 5 539)
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412

279
615
326

1308
262
62
336

365
693
368
206

1093
454
85

81
19

31
30
18
22

%

PS cohortc (n 5 723)

6

1325
302

506
484
291
351

N

Chemo

N

N

%

No chemo

Chemo
%

Restricted cohortb (n 5 946)

Unrestricted cohorta (n 5 1798)

Table 1
Demographic, tumor, and treatment characteristics in the subjects for the unrestricted cohort, restricted cohort, PS analytic sample, and instrumental variable analytic sample
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Abbreviations: PS, propensity score; CMF, cyclophosphamideemethotrexateeﬂourouracil; IV, instrumental variable; BCS, breast conserving surgery.
a
Excludes: 22 biopsy only; 3 neoadjuvant chemotherapy; 13 inconsistent chemotherapy dates; 16 recurrences; and 6 deaths before the start of adjuvant chemotherapy or 183 days after date of diagnosis.
b
Restricted to women who are classiﬁed as high-risk for recurrence by the 1992 St. Gallen criteria.25
c
PS analytic sample after trimming the nonoverlapping scores between the index and the reference groups.
d
IV analytic sample after excluding patients of surgeons who only treated one patient and the chronologically ﬁrst patient.

17
83
78
370
34
66
18
82
30
70
29
71
49
118

191
1441

12
88

49
109

31
69

138
651

17
83

42
99

107
475

31
60

d
d
d
d
d
d
58
26
4.4
11
53
24
4
10
d
d
d
60
24
4.3
12
59
25
3.8
13
57
26
3.6
13
96
44
6
21

d
d
d

d
d
d

93
39
6
20

d
d
d

d
d
d

84
34
6
17

d
d
d

66
30
4.4
d
d
d
70
26
5.0
69
27
4.4
67
28
4.8

Chemotherapy regimen
CMF
Adriamycin-based
Other
Chemotherapy completed
CMF
Adriamycin-based
Other
Not complete
Diagnosed with recurrence
Yes
No

112
47
8

d
d
d

d
d
d

109
42
7

d
d
d

d
d
d

98
36
7

d
d
d

60
27
4

d
d
d

d
d
d
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Fig. 2. Propensity score (PS) distribution for adjuvant chemotherapy in
older women with breast cancer by quintile. The PS analytic sample
trimmed the ‘‘All exposed’’ and ‘‘All unexposed’’ categories.

adjuvant chemotherapy and breast cancer recurrence for the
unadjusted and adjusted methods.
Among the women who received chemotherapy, 67%
received a cyclophosphamideemethotextrateeﬂourouracil
(CMF) regimen, 28% received an adriamycin-based regimen, and 4.8% were classiﬁed as having another regimen.
Because of small numbers in chemotherapy subgroups, we
could only examine the effect of CMF chemotherapy regimen on the rate of recurrence. Using the unrestricted, restricted, and PS methods, the results did not change
appreciably, except that there were wider intervals around
the estimates. Using the IV-like method, the association
between CMF and recurrence became slightly more
protective (HR 5 0.6; 95% CI 5 0.1, 3.8).
4. Discussion
The association between receipt of adjuvant chemotherapy and recurrence risk in older women with breast cancer
provides a useful example of the manner in which
confounding by indication can complicate nonrandomized
studies of treatments in general populations. When considering treatment recommendations to reduce breast cancer
recurrence, oncologists treating geriatric patients take into
account tumor prognostic factors and additional factors,
such as life expectancy, physical function, and quality of
life [34]. With minimal trial-based information available
to inform clinical guidelines, which currently offer no
guidance for treating older women with cancer [35], nonrandomized studies are vitally important. However, nonrandomized studies are only reliable when confounding
by indication is handled adequately. When treatment with
adjuvant chemotherapy among older patients is based on
clinical judgment, controlling for prognostic factors alone
leaves residual confounding by indication.
Although not intended to control for unmeasured confounding [10e12,14], PS adjustment has been implemented
in studies for this reason [21,22]; however, consistent with
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Table 2
Assessment of imbalance of measured patient characteristics across
levels of IV and exposure (adjuvant chemotherapy) and prevalence
difference ratios

Patient
characteristics

Prevalence
difference
across levels
of instrumenta

Age categories (yr)
65e69
18.16
70e74
2.25
75e79
8.39
80þ
7.52
Race/ethnicity
Non-Hispanic
3.15
White
Hispanic or Other 2.28
Race
Charlson Comorbidity Index
0
9.66
1
6.89
2þ
2.77
Tumor size (cm)
!1
0.67
1 to !2
e6.1
2 to !3
4.07
3þ
2.69
Node positivity
None or not
15.22
determined
1e3 nodes
5.01
4þ nodes
10.21
Histologic grade
Well differentiated 1.62
Intermediate/
18.96
moderate
6.34
Poorly
differentiated/
undifferentiated/
anaplastic
Not determined/ 11.01
stated
ER expression
Positive
24.3
24.3
Negative
PR expression
Positive
22.16
Negative
22.16
Primary therapy
BCS only
8.01
BCS plus
6.38
radiation therapy
Mastectomy
14.39
Tamoxifen prescribed
Yes
7.03
No
7.03

Prevalence
difference
across levels
of exposureb

Prevalence
difference
ratioc

34.01
4.90
13.68
15.43

0.53
0.46
0.61
0.49

2.21

1.43

1.32

1.73

19.78
12.30
4.48

0.49
0.56
0.62

2.99
5.05
15.28
13.22

0.22
1.21
0.27
0.20

33.84

0.45

3.86
29.98

1.30
0.34

0.15
4.00

10.80
4.74

20.52

0.31

16.36

0.67

31.68
31.68

0.77
0.77

30.34
30.34

0.73
0.73

9.84
2.86

0.81
2.23

12.69

1.13

14.03
14.03

0.57
0.57

Abbreviations: PR, progesterone receptor; IV, instrumental variable;
ER, estrogen receptor.
a
Prevalence of being assigned the index condition for the instrument
minus the prevalence of being assigned the reference condition for the
instrument.
b
Prevalence of having the index condition (receiving adjuvant chemotherapy) minus the prevalence of not having the reference condition (not
receiving adjuvant chemotherapy).
c
Prevalence difference for the instrument divided by the prevalence
difference for the exposure.

Fig. 3. Estimates and standard errors for the association between adjuvant
chemotherapy and rate of breast cancer recurrence in older women.

other reports, our results that suggest PSs do not provide
any better control for unmeasured confounding than multivariable regression [10,11]. Even after controlling for
known prognostic factors, we obtained effect estimates in
the causal direction, which would not be correct given the
prior on the expected direction of effect, which is based
on results from clinical trials in younger women [6]. Our
results using the IV-like approach yielded a slightly protective estimate of the association; however, the imbalance of
measured factors across levels of the IV indicated that our
estimate remained confounded. Thus, no method of adjustment completely resolved this bias.
Selection bias and misclassiﬁcation are unlikely explanations for our results. The potential for selection bias owing to barriers to care was reduced by using an unselected
sample of Medicare-insured women with complete data on
treatment from integrated health care systems [23]. The inter-rater reliability of medical record abstraction was
>90% overall [36]; with 90% sensitivity and 96%
speciﬁcity for breast cancer recurrence classiﬁcation and
90% sensitivity and perfect speciﬁcity for receipt of
chemotherapy [36].
Another possibility may be that the protective effect of
adjuvant chemotherapy seen in younger women does not
apply to early-stage breast cancer in older women. The
meta-analysis of 194 randomized controlled trials from
1985 to 2000 stratiﬁed by age yielded a similar ﬁnding as
our IV-like result for women 70 years of age or older
(recurrence rate ratio 5 0.88) for 15 years of follow-up
[6]. Yet, only 3.6% of the 95,403 women participating in
the polychemotherapy trials were in this age category [6].
Thus, this meta-analysis ﬁnding should be interpreted with
caution because geriatric women were underrepresented
[3,4]. It is likely that the women who enrolled in these trials
were healthier [4] than the general elder patient population
living with breast cancer [37].
We explored whether the effect of chemotherapy on recurrence varied by type of regimen. When we repeated the
analyses restricting the chemotherapy exposure to CMF
regimen, other than less precision for the estimates, the
HRs were nearly the same, except that the IV estimate
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became slightly more protective. We could not perform
subgroup analyses for the adriamycin-based regimen because of small numbers. However, in younger patients,
for whom the data are adequate to assess the differences between adriamycin-based and nonadriamycin-based chemotherapy, the difference in recurrence between these types of
chemotherapy is |3% at 5 years after diagnosis [6].
We explored potential explanations for our PS and IV ﬁndings. Our PS quintile adjustment suggested a stronger association among women who received adjuvant chemotherapy
and recurrence than the other PS methods. Subjects were
not evenly distributed between the quintiles, which was because of the inability of the PS quintile adjustment to discriminate scores between subjects with the same probability of
exposure. Thus, most of the subjects fell into the lowest quintile (Q1), which may explain why the continuous and doubly
robust PS adjustments yielded better control.
We assessed whether our PS ﬁndings could be explained
by differences in patient characteristics between the PS
trimmed sample and restricted cohort by comparing multivariable regression results of the two analytic samples. We
found nearly identical results, indicating that the distributions were similar. Additionally, our PS adjustment results
were nearly equivalent to those yielded by the multivariable
method. PSs are thought to be superior to multivariable regression models because they theoretically allow control
for multiple measured confounders and increase comparability between the index and reference groups [10e12,14].
However, in a review by Sturmer et al., they found that only
13% of 69 studies had multivariable adjusted results O20%
different than results from adjusting for PS [10]. Moreover,
we found that even after trimming our data set to exclude
nonoverlapping PSs, the distribution of the PSs among those
who received chemotherapy (index) vs. those who did not
(reference) still lacked comparability. This ﬁnding suggests
residual confounding, which we could not examine using
conventional methods. As expected, the PS method did not
rectify the confounding by indication in our study; it persisted in the cohort of high-risk patients even after adjusting
for measured prognostic factors that are considered when
prescribing adjuvant chemotherapy.
We compared our IV-like method to Brookhart and
Schneeweiss’ example of a preference-based IV method
to provide a better understanding of the validity of our
IV result. They studied approximately 50,000 subjects
[33], whereas after applying the exclusions required to implement our IV-like method, our analytic sample was 539
women. The IV acts as if we had randomized the exposure
and like randomization, substantial departures in the data
from the presumed balance of measured and unmeasured
confounders is more likely in smaller studies.
More probable explanations may be violations of the IV
assumptions, which Hernan and Robins have emphasized
are unveriﬁable [17]. We initially questioned the strength
of our IV because an IV that is weakly associated with exposure can bias the estimate more than not adjusting at all
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[17,18,38,39]. However, the strength of our IV was equivalent to the strength of the IV used by Brookhart and
Schneeweiss (23%) [13] and similar to the strength of other
preference-based IVs that they have encountered (M.A.
Brookhart, unpublished data, 2008).
We then evaluated whether our IV was independent of
unmeasured risk factors. We assessed the plausibility of
confounding by unmeasured factors by comparing the prevalence differences of measured factors across levels of the
IV. Imbalances remained among measured characteristics,
suggesting that there may be clustering of patient risk factors within certain surgeons. Therefore, we cannot rule out
that associations between important unmeasured factors
and the IV may exist. The imbalance of measured patient
characteristics across levels of the IV indicated that the
IV is confounded. The IV estimate for the association between receipt of chemotherapy and breast cancer recurrence controlled for more confounding than the other
methods, but did not completely resolve the bias.
The intervals around the estimates were wider using the
PS method and IV method than conventional methods. The
widths of the intervals (ratio of upper to lower limits)
around the unrestricted, restricted, PS continuous and doubly robust, and PS quintile estimates were 1.8, 1.9, 2.4, and
2.5, respectively. The width of the interval around the IV
estimate was substantially larger at 22. This demonstrates
that our IV-like method was less statistically efﬁcient than
the conventional methods and, therefore, larger samples
may be needed for IV methods to be feasible.
Alternative methods have been suggested to reduce confounding in observational studies, yet we found that conventional methods, such as restriction and multivariable
regression, were as effective as the PS method. Our IV-like
method was the only approach that yielded a protective association. However, we must be cautious in its interpretation because of the residual confounding in the
distribution of measured factors across levels of the IV.
The use of these alternative analytic methods to control
for confounding by indication is not universal across all
observational settings [10,13,16].
Nonrandomized studies of therapy effectiveness will remain important contributions to our scientiﬁc knowledge
base. Such studies will, however, remain susceptible to confounding by indication, despite advancing methods to control this seemingly intractable bias. Understanding the
limitations and appropriateness of the PS and IV methods
is an essential step before implementing and interpreting results that may be as biased as results generated by conventional methods.
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