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Overestimation of the effects of adherence on
outcomes: a case study in healthy user bias
and hypertension

Joanne LaFleur,1,2 Richard E Nelson,2,3 Brian C Sauer,2,3 Jonathan R Nebeker4

ABSTRACT
Background The healthy user bias is usually overlooked
as an explanation in studies in which a strong association
is found between poor patient medication adherence and
worse disease outcomes. Such studies are increasing in
frequency across disease states and influence clinical
practice. Adherence to antihypertensive medications
was studied to illustrate confounding in such studies.
Methods Using data from veterans with hypertension
starting antihypertensive treatment, causal models were
developed that predicted the risks of hospitalisation,
myocardial infarction (MI) and death associated with
poor adherence (<80%) while adjusting for patient
demographics, baseline disease severity and disease
comorbidity. In a second set of otherwise identical
models, adjustment was made for time-varying blood
pressure (BP), thus controlling for adherence effects that
were mediated through the main pharmacological effects
of the drugs. It was hypothesised that the second set of
models would reveal a positive association between poor
adherence and adverse disease outcomes that is largely
explained by unmeasured confounders, including health-
related behaviours.
Results The models that did not adjust for time-varying
BP levels showed that patients with poor adherence had
statistically significantly increased risks of 3.7% for
hospitalisation, 28.1% for MI and 23.3% for death. These
estimates exceed the benefits of these drugs
demonstrated by clinical trials. When controlling for time-
varying BP, the increased risks were similar (3.4% for
hospitalisation, 27.7% for MI and 23.4% for death). The
findings were consistent across a range of adherence
thresholds (50e90%) and when allowing disease status
variables to vary.
Conclusions The associations between poor adherence
and outcomes are largely independent of the
pharmacological effects of the drugs on BP control as well
as commonly measured patient covariates. This finding
suggests that even carefully designed observational
adherence studies using rich clinical data are impossibly
confounded and probably overestimate the true
magnitude of the effect. Clinical practice guidelines based
on reported adherence effects should be reconsidered.

BACKGROUND
Observational studies attempting to show
increased risks of adverse outcomes due to poor
adherence are becoming increasingly popular across
a wide range of disease states.1e10 These types of
studies are often used to support decisions in clinical

care. For example, three observational studies that
showed increased risks of death, myocardial
infarction (MI) and stent thrombosis in patients
who discontinued thienopyridine therapy
following stent placement11e13 prompted a new
clinical guideline recommending that the duration
of antiplatelet therapy be extended following stent
placement.14 In hypertension, reported effect sizes
of low versus high adherence include a 15e194%
increased risk of any-cause hospitalisation,15e18

43% increased risk of cardiovascular hospital-
isation,18 15e61% increased risk of acute cardio-
vascular disease events3 19 and 50e74% increased
risk of death.17 20 This is in contrast to intention-
to-treat results of clinical trials where patients who
took antihypertensive medications versus no expo-
sure experienced no statistically significant effect
on hospitalisation, only 11e30% decreased risk of
cardiovascular events and only 11e17% decreased
risk of death.21 When we examine the inference that
imperfect adherence to antihypertensive agents
could put patients at greater risk than no exposure
at all, it suggests that the causal effect of adherence
on outcomes is overestimated in these observational
studies. Consequently, decisions to change care
recommendations may be misguided.
One potential explanation for the overestimation

in such studies is the ‘healthy user ’ hypothesis,22

which suggests that adherence to pharmacotherapy
may be a surrogate marker for other important
health-related behaviours, as illustrated in figure 1.
This bias has been proposed as an explanation for
the now outmoded belief that hormone replace-
ment therapy could protect postmenopausal
women from cardiovascular disease events,23 the
supposed effect of lipid-modifying therapy on
preventing hip fractures24 and an apparent protec-
tive benefit of statins in community-acquired
pneumonia.25 Perhaps the most compelling
evidence of the healthy user effect comes from
a meta-analysis showing decreased mortality in
clinical trial patients who were adherent to placebo
compared with those who were non-adherent to
placebo.26 In most studies, including adherence
studies, healthy user bias is overlooked as a poten-
tial explanation for findings.
A study was undertaken to explore the role of

healthy user effects in these types of studies. We
used the best available methods and secondary
observational data to create causal models for the
associations between poor patient adherence to
antihypertensive medications and three outcomes
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including MI, any-cause hospitalisation and death. We then
contrasted two versions of these modelsdthose that adjusted
for time-varying blood pressure (BP) levels and those that did
not. We theorised that adjusting out the indirect effects of
adherence on outcomes that were mediated through effects on
BPdwhile also adjusting for patient demographics, disease
severity and comorbid conditionsdwould show that unmea-
sured confounding was present since there is no plausible
explanation for direct effects of adherence on these outcomes.

METHODS
Study design and patients
A cohort design was used to study the risks of any-cause
hospitalisation, MI and any-cause death in a nationally repre-
sentative sample of veterans from six regions of the USA
(Northwest, Southwest, West, Midwest, Northeast and South-
east). From these data we randomly sampled 100 000 patients
who (1) had received one of five antihypertensive classes
considered by the JNC-7 to be cardioprotective and first-line27

(ie, thiazide diuretics, ACE inhibitors, angiotensin receptor
blockers, b-blockers and calcium channel blockers) between 1
October 2002 and 31 December 2004; (2) were at least 18 years
old on the index date (the date of the first prescription for an
antihypertensive agent); and (3) had no prescription for an
antihypertensive agent in the year prior to the index date.
Patients were then excluded if they did not have at least one BP
reading on or before the index date and at least one during the
follow-up period.

Sample size was determined by calculating the number of
observations needed to avoid over-fitting predictive multivari-
able models using the heuristic that 10 events were required for
each covariate. From a similar analysis conducted using data
from a subset of veterans in our western region,28 we knew that
we might have up to 50 levels of covariates in our final models,
meaning that we would need at least 500 events. From the same
data, we also calculated that the rarest of our three endpoints of
interest (MI) occurred in about two patients per 1000 person-
years with an average follow-up time of 4.1 years, suggesting we
would need approximately 65 000 patients to avoid over-fitting.
We also estimated that we would exclude about 25% of our
cohort because of a lack of baseline and follow-up BP measures
and determined that randomly sampling 100 000 patients would
yield enough patients to avoid over-fitting.

Independent variables
The primary independent variable was adherence to antihyper-
tensive medications, which was calculated using a cumulative

measure of medication availability (CMA).29 The CMA was
based on pharmacy refill data from the VA’s Decision Support
System datasets and was calculated as the sum of days on which
medications were available in the numerator divided by the
number of days between the first fill and the last day of supply
dispensed with the last fill of an antihypertensive therapy in the
denominator. The CMA was dichotomised at an adherence
threshold of 80%, with patients whose ratio was $0.8 consid-
ered adherent and patients whose ratio was <0.8 considered
non-adherent. The adherence measure was calculated for all five
classes of antihypertensive medications together; if patients
switched between classes they were considered to be adherent as
long as their overall adherence ratio for antihypertensive medi-
cations was $0.8. Adherence was treated as cumulative and
time-varying; ratios were calculated for each quarter following
the initiation of treatment and updated at each subsequent
quarter. Adherence was lagged so that cumulative adherence in
each quarter predicted events in the subsequent quarter until
patient censorship.
Confounding was handled by direct adjustment for other

independent variables. These were selected based on their
known or theoretical associations with the outcomes of interest
and their availability in the dataset. Covariates included socio-
demographic characteristics (sex, marital status and socioeco-
nomic status (SES)); disease severity (baseline BP and levels of
ischaemic disease); and comorbid conditions (chronic obstruc-
tive pulmonary disorder, diabetes, cancer, psychological disor-
ders, physical disabilities, smoking disorder, sleep apnoea and
thyroid disorder). Covariates were obtained using vital signs
from the VA’s Corporate Data Warehouse; labs, diagnosis codes
and procedure codes from the VA’s Medical SAS datasets
(inpatient and outpatient records so named because they are
kept in SAS format); and pharmacy refill data from VA’s Deci-
sion Support System datasets. The primary models included
only baseline adjustment for each of these covariates.

Outcomes
The outcomes of interest were any-cause hospitalisation, MI
and any-cause death. Any-cause hospitalisation information was
captured from the inpatient files of the Medical SAS datasets.
MI was identified from inpatient and outpatient files from
Medical SAS datasets using the ICD-9 codes 410.01 (acute MI of
the anterolateral wall, initial episode of care), 410.11 (acute MI
of other anterolateral wall, initial episode of care) and 410.21
(acute MI of inferolateral wall, initial episode of care). The
occurrence of death was identified using the Beneficiary Identi-
fication Records Locator Subsystem death file kept by the VA

Figure 1 Directed acyclic graph
illustrating ‘healthy user’ bias. The
unshaded portion of the drawing shows
the indirect causal effect of medication
adherence on outcomes that is
mediated through blood pressure
control. Better medication adherence
improves blood pressure control, which
in turn decreases risks of death,
hospitalisation, myocardial infarctions,
and other outcomes. Conversely, worse
medication adherence leads to worse
blood pressure control and to increased risks for those outcomes. There is no direct effect of adherence on outcomes that is independent of the
pharmacologic effects of the drug. The shaded portion of the drawing shows that other healthy behaviours, such as following instructions about
exercise, diet and other medications, quitting smoking, getting recommended cancer screenings, etc., are associated with adherence, blood pressure
control, and outcomes. If healthy patient behaviours are uncontrolled in an analysis, this “healthy user” pathway confounds the relationship between
adherence and outcomes.
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Benefits Administration which contains information on veterans
known to be deceased. The file is updated weekly by matching
with the Social Security Administration Death Master File. The
file is also updated when a hospital, cemetery, relative or
acquaintance of a veteran reports a veteran’s death.

Statistical analysis
Descriptive statistics were used to characterise the baseline
demographic data of the cohort. Univariate and multivariable
Cox proportional hazards models with time-varying exposures
were used to measure the association between independent
variables and each outcome. Multivariable models were
constructed by reviewing the literature and considering the
causal mechanisms for variables that can potentially confound
the relationships of interest, regardless of whether the associa-
tions were found to be statistically significant in this dataset.

We developed models that incorporated all of the available
variables that would theoretically be expected to be important
for unmasking the relationship between patient adherence to
antihypertensive medications and hospitalisation, MI or death.
For each endpoint we contrasted two models that were identical
in all respects except that one did not adjust for time-varying BP
level and one did. By adjusting for time-varying BP, we were
essentially blocking the pathway between adherence and
outcomes that is mediated through the pharmacological effects
of the drug. We theorised that any association that remained
after blocking that pathway must be mediated through other
pathways. Because we had also adjusted for patient demo-
graphics, disease severity and comorbidity in both sets of
models, the remaining pathways must be limited and must
include unmeasured healthy behaviours.

All models included baseline BP so the analyses controlled for
the follow-up level of BP in addition to the changes. In themodels
that adjusted for time-varying BP as an explanatory variable,
follow-up BPs were coded as five categorical variables: low
(diastolic #70), normal (systolic <120 and diastolic and >70 but
<80); pre-hypertension (systolic 120e139 or diastolic 80e89);
stage 1 hypertension (systolic 140e159 or diastolic 90e99); and
stage 2 hypertension (systolic $160 or diastolic $100). Patients
were censored at the occurrence of an event, in the quarter
following discontinuation of the drug, or 31 December 2007,
whichever occurred first. All statistical tests were performed
using Stata SE V.10 and SAS V.9.

Sensitivity analyses
In accordance with guidelines from the International Society for
Pharmacoeconomics and Outcomes Research,30 multiple alter-
native adherence thresholds were evaluated in sensitivity anal-
yses including 50%, 60%, 70% and 90%. Sensitivity analyses
were also conducted that (1) did not allow BP control to vary
over time (ie, BP was coded as the hypertension level at the end
of the entire follow-up period); (2) allowed other explanatory
variables to vary over time, with patients contributing person-
time to different levels of each covariate on a quarterly basis if
their conditions changed over time; and (3) excluded the days
supplied with the last fill from both the numerator and the
denominator for the calculation of the adherence ratio, since the
algorithm we used assumes 100% adherence in that interval.
Time-varying independent variables were lagged by one quarter
so that the statistical analysis captured the effect of patient
characteristics on outcomes in the subsequent quarter. By
lagging these variables we avoided the situation in which
a change in disease status that occurred at the end of a quarter
predicted an event that occurred earlier in the same quarter.

RESULTS
Patients and blood pressure readings in the follow-up period
Of 100 000 randomly sampled veterans who met our inclusion
criteria, a total of 80 359 had at least one BP recorded at baseline
and in the follow-up period. Of these, 4475 were excluded
because of missing zip codes (from which the SES index was
calculated), leaving 75 884 patients in the final analysis. Baseline
demographic characteristics for the cohort are summarised in
table 1. The mean age of the veterans was 65.7 years and they
were predominantly male (96.7%). By definition, patients were
approximately evenly distributed among quartiles of SES index
categories, an index based on several demographic variables
obtained by linking the zip code with 2000 census data.31 The
mean (SD) number of post-index BPs per patient was 30.2 (62.2);
in each quarter each patient had a mean of 2.1e5.0 BP obser-
vations. The mean (SD) change from baseline for systolic BPs in
each quarter following the index date ranged from �3.05
(25.2) mm Hg in the first quarter to �15.7 (30.0) mm Hg in the
penultimate quarter for systolic BP and from �1.8 (14.8) mm
Hg in the first quarter to �8.9 (16.0) mm Hg in the last quarter
for diastolic BP.

Outcomes
A total of 14 315 patients in our study cohort had a hospital-
isation, 1063 had an MI and 1132 died between the index date
and discontinuation of the index regimen over an average
follow-up time of 3.2e3.5 years. This corresponds to incidence
rates of 61.4 hospitalisations, 4.0 MIs and 4.2 deaths per 1000
person-years. Table 2 shows a summary of the risks for each
outcome associated with poor adherence to antihypertensive
medications for the two models in the base case as well as
sensitivity analyses. In the first set of models (those that did not
control for time-varying BP levels), a cumulative adherence ratio
of <80% was associated with a 3.7% increased risk of hospi-
talisation (95% CI 1.01 to 1.07), a 28.1% increased risk of MI
(95% CI 1.08 to 1.52) and a 23.3% increased risk of death (95%
CI 1.06 to 1.43) compared with patients with good adherence,
while adjusting for baseline demographics, disease severity and
comorbidity. When also controlling for time-varying BP, the
magnitude of the association between poor adherence and each
outcome was very similar. In this second set of models, poor
adherence was associated with a 3.4% increased risk of hospital-
isation (95% CI 1.00 to 1.07), a 27.7% increased risk of MI (95% CI
1.08 to 1.52) and a 23.4% increased risk of death (95% CI 1.06 to
1.44). Sensitivity analyses consistently showed similar results.

DISCUSSION
Our findings support the conclusion that much of the associa-
tion between poor adherence and worse outcomes is mediated
through a pathway other than the pharmacological effects of
antihypertensive medications on BP. Similar to the findings of
other researchers,3 15e19 we showed a substantial increase in the
risk of MI (28%) and death (23%) associated with poor adher-
ence to antihypertensive agents over an average follow-up of
more than 3 years. Counter to intuition, this difference was
present whether or not we controlled for time-varying BP,
a finding that was consistently reproduced in all sensitivity
analyses. If a considerable amount of the association between
poor adherence to antihypertensive medications and patient
outcomes was mediated through the pharmacological action
pathway illustrated in the unshaded area of figure 1, then we
would have observed a considerable difference between the
models that did and did not adjust for time-varying BP. Instead,
our results are consistent with the hypothesis that most of this
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Table 1 Descriptive statistics of the cohort at baseline

All patients (N[75 884)
Adherent (CMA ‡0.80) at the
end of observation (N[24 650)

Non-adherent (CMA <0.80) at the
end of observation (N[51 234)

Frequency % Frequency % Frequency %

Age (years)

0e50 6493 8.6 1759 7.14 4734 9.24

50e54 7101 9.4 2355 9.55 4746 9.26

55e59 11 746 15.5 4188 16.99 7558 14.75

60e64 8768 11.6 3157 12.81 5611 10.95

65e69 9755 12.9 3532 14.33 6223 12.15

70e74 11 781 15.5 4029 16.34 7752 15.13

75e79 10 863 14.3 3310 13.43 7553 14.74

80+ 9378 12.4 2320 9.41 7057 13.77

Number of hospitalisations in year prior to index

0 69 450 91.52 22 937 93.05 46 513 90.79

1 4534 5.97 1272 5.16 3262 6.37

2 1222 1.61 306 1.24 916 1.79

3 386 0.51 93 0.38 293 0.57

4 172 0.23 32 0.13 140 0.27

5 60 0.08 9 0.04 51 0.10

$6 60 0.08 1 0.00 59 0.11

Body mass index (kg/m2)

Underweight (<18.5) 1766 2.33 473 1.92 1293 2.52

Normal weight (18.5e24.9) 12 668 16.69 3288 13.34 9380 18.31

Overweight (25e29.9) 28 544 37.62 9329 37.85 19 215 37.50

Obese (30e34.9) 20 276 26.72 7133 28.94 13 143 25.65

Extremely obese (35+) 12 630 16.64 4427 17.96 8203 16.01

Sex

Female 2527 3.3 770 3.12 1757 3.43

Male 73 357 96.67 23 880 96.88 49 477 96.57

SES index*

Highest quartile 18 033 23.76 5857 23.76 12 176 23.77

2nd quartile 16 117 21.24 5411 21.95 10 706 20.90

3rd quartile 19 162 25.25 6387 25.91 12 775 24.93

Lowest quartile 22 572 29.75 6995 28.38 15 577 30.40

Baseline blood pressure

Normal (SBP <120 and DBP <80) 6235 8.22 1897 7.70 4338 8.47

Prehypertension (120#SBP<140 or
80#DBP<90)

39 321 51.82 13 046 52.92 26 275 51.28

Stage I hypertension (140#SBP<160
or 90#DBP<100)

22 718 29.94 7339 29.77 15 379 30.02

Stage II hypertension (SBP $160 or
DBP $100)

7610 10.03 2368 9.61 5242 10.23

COPD

No COPD 63 505 83.69 21 148 85.79 42 357 82.67

Treated COPD 7688 10.13 2122 8.61 5566 10.86

Untreated COPD 4691 6.18 1380 5.60 3311 6.46

Diabetes

No diabetes 48 947 64.50 15 487 62.83 33 460 65.31

Controlled diabetes (A1c #7)

Treated with oral medications and
no complicationsy

8293 10.93 2883 11.70 5410 10.56

Treated with oral medications and
with complicationsy

828 1.09 280 1.14 548 1.07

Treated with insulin and no
complicationsy

2139 2.82 679 2.75 1460 2.85

Treated with insulin and with
complicationsy

766 1.01 222 0.90 544 1.06

Uncontrolled diabetes (A1c >7)

Treated with oral medications and
no complicationsy

5042 6.64 1804 7.32 3238 6.32

Treated with oral medications and
with complicationsy

770 1.01 291 1.18 479 0.93

Treated with insulin and no
complicationsy

2818 3.71 908 3.68 1910 3.73

Treated with insulin and with
complicationsy

1409 1.86 455 1.85 954 1.86

Continued
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association is independent of the pharmacological actions of the
drug on BP and must have other causes, such as the ‘healthy
user ’ pathway illustrated in the shaded area of figure 1.

The problem we illustrate here is conceptually similar to the
problem of reporting ‘per-protocol’ or ‘as-treated’ analyses versus
‘intention-to-treat’ (ITT) analyses in the clinical trial literature.
Essentially, it has been repeatedly shown that non-adherent
patients in randomised controlled trials (RCTs) have worse
outcomes and that it is both biologically implausible and
contradicted by the results of ITT analyses to suppose that this
usually strong association is a treatment effect.32e34 This
conclusion has resulted in a CONSORT (Consolidated Standards
of Reporting Trials) guideline that discourages exclusive
reporting of per-protocol analyses in RCT publications.35

Adherence studies are analogous to per-protocol analyses in
which patient characteristics determine both the extent to
which patients will experience the exposure and their degree of
risk for adverse outcomes, resulting in highly confounded effect
estimates.

We considered a variety of alternative observational methods
that might avoid the confounding that we demonstrated: First,

similar causal models developed using logistic regression have
the same structural confounding shown in figure 1. Second, the
case crossover design and other within-subject designs are able
automatically to address time-invariant confounding. These
methods have been developed to evaluate the acute effects of
intermittent exposure, but their use is not as well understood
under time-varying treatment and cumulative effects of drug
exposures.36 37 Moreover, they are not suited to the adherence
problem because a strong and probably untenable assumption
must be made that other important healthy user factors do not
covary with adherence. Third, instrumental variables may be
useful to minimise unmeasured confounders, but there are no
known instruments that are useful for adherence studies in the
observational setting. Finally, newer techniques such as marginal
structure models and inverse probability weighting may be
better at capturing both the exposure and the measured
confounders by treating the exposure and covariates as processes
that evolve over time, but they do not adequately control for
unmeasured patient confounders. It is most likely that the only
way to assess the causal effect of adherence on outcomes is in
the RCT setting and with the use of instrumental variables and

Table 1 Continued

All patients (N[75 884)
Adherent (CMA ‡0.80) at the
end of observation (N[24 650)

Non-adherent (CMA <0.80) at the
end of observation (N[51 234)

Frequency % Frequency % Frequency %

Untreated and no complicationsy 4590 6.05 1568 6.36 3022 5.90

Ischaemic heart disease

No ischaemic heart diseasez
No risk factorsx and no
antihyperlipidaemia medications

19 869 26.18 5833 23.66 14 036 27.40

No risk factorsx and with
antihyperlipidaemia medications

21 240 27.99 7606 30.86 13 634 26.61

Risk factorsx present and no
hyperlipidaemia medications

6420 8.46 2101 8.52 4319 8.43

Ischaemic heart diseasez
Treated with hyperlipidaemia
medications

20 766 27.37 7098 28.80 13 668 26.68

Untreated with hyperlipidaemia
medications

7589 10.00 2012 8.16 5577 10.89

Cancer

No cancer diagnosis or treatment 61 056 80.46 19 894 80.71 41 162 80.34

Cancer diagnosis or treatment 14 828 19.54 4756 19.29 10 072 19.66

Psychiatric disorders

No psychiatric disorders and no
psychiatric treatment

37 151 48.96 12 431 50.43 24 720 48.25

Treated psychiatric disorders 4029 5.31 1188 4.82 2841 5.55

Untreated psychiatric disorders 34 704 45.73 11 031 44.75 23 673 46.21

Disability

No disability diagnosis 54 881 72.32 17 661 71.65 37 220 72.65

Disability diagnosis 21 003 27.68 6989 28.35 14 014 27.35

Sleep apnoea

No sleep apnoea diagnosis 72 192 95.13 23 361 94.77 48 831 95.31

Sleep apnoea diagnosis 3692 4.87 1289 5.23 2403 4.69

Thyroid disorder

No thyroid disorder or treatment 69 781 91.96 22 742 92.26 47 039 91.81

Treated thyroid disorder 5139 6.77 1605 6.51 3534 6.90

Untreated thyroid disorder 964 1.27 303 1.23 661 1.29

*SES, socioeconomic status categories were defined by linking on zip code with United States 2000 census data and were constructed from variables for median annual household income,
percentage below poverty level, percentage of households receiving Social Security income, percentage of households on public assistance, median home value, percentage of owner-occupied
homes, median home construction year, percentage room occupancy of #1 person, population density, percentage managerial occupations, percentage unemployed, percentage with some
high school or less and percentage of single parent households.
yDiabetes complications included ketoacidosis, coma, renal manifestations, ophthalmic manifestations, neurological manifestations and peripheral circulatory disorders.
zIschaemic heart disease includes diagnoses for coronary artery disease, myocardial infarction, angina, peripheral vascular disease and cardiovascular disease.
xIschaemic heart disease risk factors included diagnoses of hyperlipidaemia or dyslipidaemia, or low-density lipoprotein cholesterol >160.
A1c, haemoglobin A1c; CMA, medication adherence ratio (cumulative measure of medication availability); COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; SBP,
systolic blood pressure.
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nested structural models,38e40 methods that do not directly
apply to the observational setting.

We were surprised that the association between poor adher-
ence and risk of hospitalisation did not change discernibly
between analyses with and without time-varying BP. This
finding was consistently reproduced throughout all of the
sensitivity analyses. Upon examination of our data, we theorised
that this lack of difference could be explained by a possible floor
effect. The mean decrease in BP from baseline was greater
among non-adherent patients by about 3 mm Hg in every
quarter. The adherent patients, whose BPs were lower at base-
line, could not experience reductions of the same magnitude as
the non-adherent patients because their lower baseline BP
afforded less room to improve. Nonetheless, the fact that we
saw a consistent decrease in BP in both groups suggests that the

antihypertensive medications did have a clinical effect on the
patients.
A central question for our analysis is whether or not it is valid

to assume that BP reduction mediates the effects of antihyper-
tensive agents on outcomes. There is strong clinical trial
evidence that antihypertensives both reduce BP and prevent the
outcomes of interest,21 but it is difficult to show a strong causal
link between BP and outcomes. Vittenhoff recommends that
three conditions should be present for concluding a variable is
a mediator: (1) the predictor of interest (adherence) predicts the
mediator (BP); (2) the mediator predicts the outcome (MI,
hospitalisation or death) in a model controlling for the predictor
of interest; and (3) adding the mediator to a multivariable model
for the outcome attenuates the association for the predictor of
interest.41 The first condition is difficult to show in the

Table 2 Risk of events associated with poor adherence

Without time-varying BP* With time-varying BPy
HR (95% CI) p Value HR (95% CI) p Value

Any-cause hospitalisation

CMA $0.50 vs <0.50 1.081 (1.032 to 1.123) 0.0003 1.076 (1.037 to 1.128) 0.0007

CMA $0.60 vs <0.60 1.062 (1.017 to 1.099) 0.0021 1.058 (1.022 to 1.104) 0.0046

CMA $0.70 vs <0.70 1.060 (1.022 to 1.094) 0.0007 1.057 (1.025 to 1.097) 0.0012

CMA $0.80 vs <0.80 1.037 (1.006 to 1.069) 0.0204 1.034 (1.003 to 1.066) 0.0302

CMA $0.90 vs <0.90 1.022 (0.993 to 1.050) 0.1191 1.021 (0.994 to 1.051) 0.1434

Non-time-varyingz 1.444 (1.356 to 1.537) <0.0001 1.429 (1.342 to 1.521) <0.0001

All time-varyingx 1.049 (1.018 to 1.082) 0.0021 1.047 (1.015 to 1.079) 0.0034

Censored at last fill{ 1.032 (1.001 to 1.065) 0.043 1.030 (0.999 to 1.063) 0.059

Myocardial infarction

CMA $0.50 vs <0.50 1.616 (1.304 to 2.002) <0.0001 1.603 (1.293 to 1.987) <0.0001

CMA $0.60 vs <0.60 1.534 (1.255 to 1.876) <0.0001 1.525 (1.247 to 1.866) <0.0001

CMA $0.70 vs <0.70 1.332 (1.101 to 1.612) 0.0032 1.326 (1.095 to 1.605) 0.0038

CMA $0.80 vs <0.80 1.281 (1.079 to 1.522) 0.0047 1.277 (1.075 to 1.516) 0.0054

CMA $0.90 vs <0.90 1.141 (0.973 to 1.339) 0.1052 1.142 (0.974 to 1.340) 0.1022

Non-time-varyingz 1.539 (1.258 to 1.883) <0.0001 1.532 (1.258 to 1.883) <0.0001

All time-varyingx 1.381 (1.161 to 1.642) 0.0003 1.375 (1.156 to 1.635) 0.0003

Censored at last fill{ 1.301 (1.093 to 1.550) 0.003 1.298 (1.090 to 1.546) 0.003

Death

CMA $0.50 vs <0.50 1.398 (1.160 to 1.685) 0.0004 1.402 (1.163 to 1.689) 0.0004

CMA $0.60 vs <0.60 1.307 (1.095 to 1.561) 0.0030 1.308 (1.095 to 1.562) 0.0030

CMA $0.70 vs <0.70 1.203 (1.016 to 1.424) 0.0317 1.209 (1.020 to 1.433) 0.0287

CMA $0.80 vs <0.80 1.233 (1.061 to 1.433) 0.0062 1.234 (1.06 to 1.436) 0.0066

CMA $0.90 vs <0.90 1.160 (1.008 to 1.334) 0.0377 1.163 (1.010 to 1.340) 0.0357

Non-time-varyingz 1.857 (1.581 to 2.182) <0.0001 1.857 (1.580 to 2.182) <0.0001

All time-varyingx 1.403 (1.211 to 1.624) <0.0001 1.399 (1.207 to 1.623) <0.0001

Censored at last fill{ 1.262 (1.076 to 1.480) 0.004 1.261 (1.073 to 1.481) 0.005

*Model was adjusted for baseline demographics (age, sex, socieoeconomic index); disease severity (baseline BP categorised as
normal, pre-hypertension, hypertension; levels of ischaemic disease categorised as no ischaemic disease and no hyperlipidaemia and
no cardiovascular disease risk factors, no ischaemic disease and treated hyperlipidaemia and no cardiovascular disease risk factors,
no ischaemic disease and untreated hyperlipidaemia and cardiovascular disease risk factors, ischaemic disease and treated
hyperlipidaemia, ischaemic disease and untreated hyperlipidaemia); comorbid conditions (body mass index categorised as
underweight, normal weight, overweight, obese; chronic obstructive pulmonary disease; diabetes categorised as no diabetes,
controlled diabetes without treatment and no complications, controlled diabetes with oral antidiabetics and complications,
uncontrolled diabetes with oral antidiabetics and no complications, uncontrolled diabetes with oral antidiabetics and complications,
controlled diabetes with insulin and no complications, controlled diabetes with insulin and complications, uncontrolled diabetes with
insulin and no complications, uncontrolled diabetes with insulin and complications, untreated uncontrolled diabetes with no
complications, untreated uncontrolled diabetes with complications; cancer diagnosis or treatment; psychiatric disorder categorised as
none, treated psychiatric disorders, untreated psychiatric disorders; sleep apnoea; thyroid disorder categorised as none, treated
thyroid disorder, untreated thyroid disorder); and number of hospitalisations in the pre-index period.
yModel was adjusted for all covariates listed for Model * plus time-varying on-treatment quarterly BP level categorised as low (DBP
#70), normal (SBP <120 and 70<DBP<80), prehypertension (120#SBP<140 or 80#DBP<90), stage I hypertension
(140#SBP<160 or 90#DBP<100) and stage II hypertension (SBP $160 or DBP $100).
zModel was adjusted for all baseline covariates listed for Model * plus non-time-varying BP level in the follow-up period; CMA
threshold was <0.80 for non-adherent and $0.80 for adherent.
xModel was adjusted for all baseline covariates listed in Models * and z; all covariates were allowed to vary over time, with patients
contributing to different levels of each covariate as disease status changed in the follow-up period; CMA threshold was <0.80 for non-
adherent and $0.80 for adherent.
{Model was adjusted for all baseline covariates listed in * above; the adherence ratio was calculated as the sum of days on which
medication was available divided by the difference in days between the first and last fill, excluding the days supplied with the last fill.
CMA, medication adherence ratio (cumulative measure of medication availability); DBP, diastolic blood pressure; BP, blood pressure;
HR, hazards ratio; SBP, systolic blood pressure.
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observational setting because of the unmeasured confounding
that we highlight here. However, the matter is really a question
of dose-response: poorly adherent patients are exposed to lower
doses on average than adherent patients. We can infer from
phase 2 clinical trials that higher levels of exposure are associated
with greater reductions in BP than lower levels,42e46 thus
meeting the first condition. When we examined our data for the
presence of the second condition we found that, indeed, patients
whose treated BP level was in the normal range had a lower risk
of events than patients with high treated BP levels, when
adjusting for adherence. The third conditiondthat the addition
of the mediator to a multivariable analysis attenuates the esti-
mated coefficient for the predictor of interestdwas also met,
but the magnitude of the difference was very small. We contend
that it was small because most of the effect appears to be
mediated through other pathways, including the healthy user
pathway illustrated in figure 1.

There could be other explanations for our findings. One could
be that all of the pharmacological effects on outcomes are
mediated through other direct effects of the drugs that are
independent of changes in BP. For example, ACE inhibitors have
renal protective effects in patients with diabetes,47 48 and
b blockers after MI improve outcomes in ways that are not
mediated through BP.49 The magnitudes of the associations
between these direct effects and outcomes of interest are not
well quantified, but it would be highly speculative to conclude
that these alternative effects would overshadow the effects
mediated through BP. Second, adherent patients may differ
systematically from non-adherent patients in their access and
utilisation of care outside the VA. In that case, VA-based
outcomes such as hospitalisation and MI would be captured
preferentially in one group, which could potentially overwhelm
the effects of BP drugs in our models. However, this effect would
not be present for the death outcome, which is reported by the
Social Security Administration and is not dependent on
a patient’s care source. The fact that our results for the death
endpoint are consistent with the other two endpoints suggests
that differential identification of the outcomes is not driving our
findings.

Limitations of the study
This analysis has some limitations. By introducing follow-up BP
into the models we may have introduced a new type of
confoundingduncontrolled common causes of both BP level and
outcome riskdthat is not present in analyses directly relating
outcomes to adherence. Some of these causesdthose that relate
to behavioural factorsdare included in figure 1; others may be
independent of healthy user characteristics. For example, we
could postulate a whole host of genetic or environmental factors
that lead both to high BP and worse outcomes as well as low BP
and better outcomes. Since this might result in many patients
with good adherence having high BPs and worse outcomes as
well as many others with bad adherence having low BPs and
good outcomes, then the overall analysis when pooling these
patient types within the two exposure categories would have
the effect of attenuating the treatment effect in the models
where we adjust for BP. Thus, our results are robust to this issue.
Moreover, there may be known confounders that are not
adequately measured in our data. For example, although we are
able to adjust for diagnoses such as angina (a marker of disease
severity), the data afford us little insight into symptom
frequency, which would have improved discrimination of base-
line severity. However, this latter is a limitation of all such
secondary database studies.

CONCLUSIONS
We found that the associations between poor adherence to
antihypertensive medications and outcomes such as hospital-
isation, MI and death are largely independent of the pharma-
cological effects of these drugs on BP control while adjusting for
patient demographics, disease severity and comorbidity. This
suggests that other unmeasured confounders must explain most
of the association between patient medication adherence and
outcomes. Using the current array of epidemiological methods,
observational studies that attempt to assess the effect of
adherence on outcomes are impossibly confounded by healthy
user bias and are likely to overestimate or misidentify any effect.
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