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Current knowledge base for hypertension

Head-to-head antihypertensive drug comparisons
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Trials: 40
N = 102 � [1148]� 33K

Driven primarily by ALLHAT
I just 3 individual drugs

Focus: efficacy � safety

Can LEGEND provide
1. reliable – concordant w/ RCTs
2. rich – across “all” comparators
3. relevant – inform practice

evidence?



LEGEND knowledge base for hypertension

Head-to-head HTN drug comparisons
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First-line agents

2017 ACC/AHA Guidelines

2. The treatment of patients with hypertension without
elevated risk has been systematically understudied
because lower-risk groups would require prolonged
follow-up to have a sufficient number of clinical events
to provide useful information. Although there is clin-
ical trial evidence that both drug and nondrug therapy
will interrupt the progressive course of hypertension
(S8.1.5-6), there is no trial evidence that this treatment

decreases CVD morbidity and mortality. The clinical
trial evidence is strongest for a target BP of 140/90
mm Hg in this population. However, observational
studies suggest that these individuals often have a high
lifetime risk and would benefit from BP control earlier
in life (S8.1.5-19,S8.1.5-20).

8.1.6. Choice of Initial Medication

Recommendation for Choice of Initial Medication
References that support the recommendation are summarized in Online Data Supplement 27 and Systematic Review Report.

COR LOE RECOMMENDATION

I ASR
1. For initiation of antihypertensive drug therapy, first-line agents include thiazide diuretics, CCBs, and ACE

inhibitors or ARBs. (S8.1.6-1,S8.1.6-2)

SR indicates systematic review.

Synopsis
The overwhelming majority of persons with BP suffi-

ciently elevated to warrant pharmacological therapy may
be best treated initially with 2 agents (see Section 8.1.6.1).
When initiation of pharmacological therapy with a single
medication is appropriate, primary consideration should
be given to comorbid conditions (e.g., HF, CKD) for which
specific classes of BP-lowering medication are indicated
(see Section 9) (S8.1.6-1). In the largest head-to-head
comparison of first-step drug therapy for hypertension
(S8.1.6-3), the thiazide-type diuretic chlorthalidone was
superior to the CCB amlodipine and the ACE inhibitor
lisinopril in preventing HF, a BP-related outcome of
increasing importance in the growing population of older
persons with hypertension (S8.1.6-4—S8.1.6-7). Addition-
ally, ACE inhibitors were less effective than thiazide di-
uretics and CCBs in lowering BP and in prevention of
stroke. For black patients, ACE inhibitors were also
notably less effective than CCBs in preventing HF (S8.1.6-
8) and in the prevention of stroke (S8.1.6-9) (see Section
10.1). ARBs may be better tolerated than ACE inhibitors
in black patients, with less cough and angioedema, but
according to the limited available experience they offer no
proven advantage over ACE inhibitors in preventing
stroke or CVD in this population, making thiazide diuretics
(especially chlorthalidone) or CCBs the best initial choice
for single-drug therapy. For stroke, in the general popu-
lation, beta blockers were less effective than CCBs (36%
lower risk) and thiazide diuretics (30% lower risk). CCBs
have been shown to be as effective as diuretics for
reducing all CVD events other than HF, and CCBs are a
good alternative choice for initial therapy when thiazide
diuretics are not tolerated. Alpha blockers are not used as
first-line therapy for hypertension because they are less

effective for prevention of CVD than other first-step
agents, such as thiazide diuretics (S8.1.6-3,S8.1.6-10).

Recommendation-Specific Supportive Text

1. The overall goal of treatment should be reduction in BP,
in the context of underlying CVD risk. Five drug classes
have been shown, in high-quality RCTs, to prevent CVD
as compared with placebo (diuretics, ACE inhibitors,
ARBs, CCBs, and beta blockers) (S8.1.6-11,S8.1.6-12). In
head-to-head comparisons of first-step therapy,
different drug classes have been reported to provide
somewhat divergent capacity to prevent specific CVD
events. Interpretation of meta-analyses comparing
agents from different drug classes is challenging
because the relevant RCTs were conducted in different
time periods, during which concurrent antihyperten-
sive therapy was less or more common, and the efficacy
of agents from certain drug classes may have changed.
In recognition of this, some (S8.1.6-2) but not all (S8.1.6-
11,S8.1.6-12) meta-analyses, as well as the largest indi-
vidual RCT that compared first-step agents (S8.1.6-3),
have suggested that diuretics, especially the long-acting
thiazide-type agent chlorthalidone, may provide an
optimal choice for first-step drug therapy of hyperten-
sion. In contrast, some meta-analyses have suggested
that beta blockers may be less effective, especially for
stroke prevention in older adults, but interpretation is
hampered by inclusion of RCTs that used beta blockers
that are now considered to be inferior for prevention of
CVD (S8.1.6-13,S8.1.6-14). In a systematic review
and network meta-analysis conducted for the
present guideline, beta blockers were significantly
less effective than diuretics for prevention of stroke
and cardiovascular events (S8.1.6-1). Diuretics were also

Whelton et al. J A C C V O L . 7 1 , N O . 1 9 , 2 0 1 8

2017 High Blood Pressure Clinical Practice Guideline M A Y 1 5 , 2 0 1 8 : e 1 2 7 – 2 4 8

e168

“In particular, there is inadequate evidence to support the initial use of beta
blockers for hypertension in the absence of specific cardiovascular comorbidities.”

2018 ESC/ESH Guidelines: Class I, Level A

“Among all antihypertensive drugs, ACE inhibitors, ARBs, beta-blockers, CCBs,
and [thiazide] diuretics . . . have demonstrated effective reduction of BP and CV
events in RCTs, and thus are indicated as the basis of antihypertensive treat-
ment strategies.” “. . . beta-blockers are usually equivalent in preventing major CV
events, except for less effective prevention of stroke . . . ”



First-line agents: comparisons from RCTs

Efficacy outcomes: myocardial infarction, heart failure, stroke

© 2017 by the American College of Cardiology Foundation and the American Heart Association, Inc. 59 

Figure 3.3 Network of clinical trials of antihypertensive drug classes in which myocardial infarction was reported (N=29).  *
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*The trials included in each pair-wise comparison are labeled above the arrow. Summary of relative risk (RR) and 95% CIs for the direct comparisons are shown below the arrow. For each pair-wise 
comparison, the line starts at the reference group and points towards the comparison group.  Thus, the arrowhead points to a class of antihypertensive drugs for which a higher RR would signify an 
increased risk of myocardial infarction. 

 

Figure 3.4. Network of clinical trials of antihypertensive drug classes in which heart failure was reported (N=21).   AC
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First-line agents: comparisons from LEGEND

Efficacy outcome: myocardial infarction, heart failure, stroke
RCTs
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Data source: meta-analysis, ⇠ 1 � 2M total patients per study
Beta blockers underperform alternatives
Unexpected: TZDs > ACEIs. Reliable?



TZDs vs. ACEIs: hazard ratio

Efficacy outcome: myocardial infarction

Patients Events Patients Events

ALLHAT CTD 15,255 1,362 lisinopril 9,054 796
ANBP2 HCTZ 3,039 82 enalapril 3,044 58

PHYLLIS HCTZ 127 - fosinopril 127 -

Review 18,421 1,447 12,225 854

LEGEND TZDs 631,154 1,122 ACEIs 1,666,241 5,073

●

●

●

●

0.67 1 1.25 2

TZDs vs. ACEIs calibrated HR: 0.83, 95% CI 0.73 - 0.95, p = 0.01
Is concordant with systematic review, but shows effect difference
Suspect previous studies lack power



TZDs vs. ACEIs: study diagnostics

Large-scale propensity score model controls for observed confounding

Statistical analysis. We conduct our cohort study using the
open-source OHDSI CohortMethod R package (Schuemie et al.,
2018c) , with large-scale analytics achieved through the Cy-
clops R package (Suchard et al., 2013) . We use propensity
scores (PSs) – estimates of treatment exposure probability
conditional on pre-treatment baseline features in the one year
prior to treatment initiation – to control for potential mea-
sured confoudning and improve balance between the target
(TZDs) and comparator (ACEIs) cohorts (Rosenbaum and
Rubin, 1983) . We use an expansive PS model that includes
all available patient demographics, drug, condition and proce-
dure covariates generated through the FeatureExtraction R
package (Schuemie et al., 2018d) instead of a prespecified set
of investigator-selected confounders. We perform PS stratifica-
tion or variable-ratio matching and then estimate comparative
TZDs-vs-ACEIs hazard ratios (HRs) using a Cox proportional
hazards model. Detailed covariate and methods informations
are provided in the Supporting Information. We present PS
and covariate balance metrics to assess successful confounding
control, and provide HR estimates and Kaplan-Meier survival
plots for the outcome of acute myocardial infarction. We addi-
tionally estimate HRs for pre-specified subgroups to evaluate
interactions with the treatment e�ect. For e�ciency reasons,
we fit subgroup Cox models using PS stratification only.

Residual study bias from unmeasured and systematic
sources can exist in observational studies after controlling for
measured confounding (Schuemie et al., 2014, 2016) . To esti-
mate such residual bias, we conduct negative control outcome
experiments with 265 negative control outcomes identified
through a data-rich algorithm (Voss et al., 2017). We fit the
negative control estimates to an empirical null distribution
that characterizes the study residual bias and is an important
artifact from which to assess the study design (Schuemie et al.,
2018a) . Using the empirical null distribution and synthetic
positive controls (Schuemie et al., 2018b) , we additionally
calibrate all HR estimates, their 95% confidence intervals (CIs)
and the p-value to reject the null hypothesis of no di�erential
e�ect (HR = 1). Empirical calibration serves as an important
diagnostic tool to evaluate if residual systematic error is suf-
ficient to cast doubt on the accuracy of the unknown e�ect
estimate.

Results

Population characteristics. Figure 1 diagrams the inclusion
of study subjects from the CCAE database under the on-
treatment with stratification design. We augment these counts
with cohort sizes we identify for the remaining designs in Table
1. This table also reports total patient follow-up time, numbers
of acute myocardial infarction events these patients experience
and unadjusted incidence rates. Table 2 compares base-line
characteristics between patient cohorts.

Patient characteristics balance. Figure 2 plots the preference
score distributions, re-scalings of PS estimates to adjust for
di�erential treatment prevalences, for patients treated with
TZDs and ACEIs. We assess characteristics balance achieved
through PS adjustment by comparing all characteristics’ stan-
dardized di�erence (StdDi�) between treatment group means
before and after PS trimming and stratification (Table 2).
Figure ?? plots StdDi� for all 8863 base-line patient features
that serve as input for the PS model. Before stratification, 59
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Fig. 1. Attrition diagram for selecting new-users of TZDs and ACEIs from the
CCAE database.
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Fig. 2. Preference score distribution for TZDs and ACEIs new-users. The pref-
erence score is a transformation of the propensity score that adjusts for prevalence
differences between populations. A higher overlap indicates that subjects in the two
populations are more similar in terms of their predicted probability of receiving one
treatment over the other.

2 | Schuemie et al.

Cohort stratification / balance:
Achieved across all 10,868
baseline characteristics
(CCAE)
Blood pressure (pop. means in
mmHg) (Panther)

TZDs ACEIs |�|
before 145/89 145/87 0.13

after 145/88 145/87 0.02

No BP measurements used in PS model,
but still balanced after stratification



TZDs vs. ACEIs: study outcomes

Calibration returns near nominal HR estimate coverage

Table 5. Subgroup analyses. We report HR estimates, their 95% CIs and uncalibrated and calibrated (cal) p-values to reject the null hypothesis
of no difference in five pre-specified patient subgroups.

Subjects On-treatment Intent-to-treat

Subgroup T C HR (95% CI) p cal-p HR (95% CI) p cal-p

74 estimates
73.0% of CIs include 1

74 estimates
94.6% of CIs include 1

59 estimates
47.5% of CIs include 1.5

59 estimates
93.2% of CIs include 1.5

59 estimates
42.4% of CIs include 2

59 estimates
91.5% of CIs include 2

59 estimates
35.6% of CIs include 4

59 estimates
91.5% of CIs include 4

True hazard ratio = 1 True hazard ratio = 1.5 True hazard ratio = 2 True hazard ratio = 4

U
ncalibrated

C
alibrated

0.1 0.25 0.5 1 2 4 6 810 0.1 0.25 0.5 1 2 4 6 810 0.1 0.25 0.5 1 2 4 6 810 0.1 0.25 0.5 1 2 4 6 810
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Fig. 5. Evaluation of effect estimation between TZs and ACEIs new-users. The top plots HRs and their corresponding standard errors before calibration for each negative
and synthetic positive control. The bottom plots the same estimates after calibration.

• No mention of the drug-condition pair on a US product
label in the “Adverse Drug Reactions” or “Postmarketing”
section (Duke et al., 2013),

• No US spontaneous reports suggesting that the pair is in
an adverse event relationship (Evans et al., 2001; Banda
et al., 2016),

• OMOP vocabulary does not suggest that the drug is
indicated for the condition,

• Vocabulary conditional concepts are usable (i.e., not too
broad, not suggestive of an adverse event relationship, no
pregnancy related), and

• Exact condition concept itself is used in patient level data.

We optimize remaining condition concepts, such that parent
concepts remove children as defined by the OMOP vocabulary
and perform manual review to exclude any pairs that may still
be in a causal relationship or too similar to the study outcome.
For hypertension, this process led to a candidate list of 76
negative controls for which table can be found in study protocol
(https://github.com/OHDSI/Legend/tree/master/Documents). In
the comparison of TZs and ACEIs in the Optum database, 74
negative controls had su�cient outcomes to return estimable
HRs. We list these conditions in Table 6

Covariate sets.

• Demographics (age in 5-year bands, gender, index year,
index month)

• Conditions (condition occurrence in lookback window)
– in 365 days prior to index date
– in 30 days prior to index date

• Condition aggregation
– SMOMED

• Drugs (drug occurrence in lookback window)
– in 365 days prior to index date
– in 30 days prior to index date

• Drug aggregation

– Ingredient
– ATC class

• Risk Scores (Charlson comorbidity index)

We exclude all covariates that occur in fewer than 0.1% of
patients within the target and comparator cohorts prior to
model fitting for computational e�ciency.
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Good diagnostics ! comparable cohorts (observed and
unobserved); calibration ! controls for residual systematic bias
TZDs are more effective than ACEIs in preventing MI



Cardiovascular efficacy by drug
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Cardiovascular disease Meta−analysis

Composite (MI, HF, stroke) outcome in
meta-analysis

Prescriptions are not written
at the class-level; must
choose an individual drug
for the patient

1st-line > 2nd-line

Some within-class
differences failed
diagnostics,
e.g. captopril



Initiating mono- vs. combination-therapy

2017 ACC/AHA Guidelines

significantly better than CCBs for prevention of HF.
There were some other nonsignificant differences
between diuretics, ACE inhibitors, ARBs, and CCBs, but
the general pattern was for similarity in effect.
As indicated in Section 8.1.6.1, most adults with
hypertension require >1 drug to control their BP.
As recommended in Section 10.1, for black adults with

hypertension (without HF or CKD), initial antihyper-
tensive treatment should include a thiazide diuretic
or CCB.

8.1.6.1. Choice of Initial Monotherapy Versus Initial
Combination Drug Therapy

Recommendations for Choice of Initial Monotherapy Versus Initial Combination Drug Therapy*

COR LOE RECOMMENDATIONS

I C-EO
1. Initiation of antihypertensive drug therapy with 2 first-line agents of different classes, either as separate

agents or in a fixed-dose combination, is recommended in adults with stage 2 hypertension and an average
BP more than 20/10 mm Hg above their BP target.

IIa C-EO
2. Initiation of antihypertensive drug therapy with a single antihypertensive drug is reasonable in adults with

stage 1 hypertension and BP goal <130/80 mm Hg with dosage titration and sequential addition of other
agents to achieve the BP target.

*Fixed-dose combination antihypertensive medications are listed in Online Data Supplement D.

Synopsis
Systematic review of the evidence comparing the initi-

ation of antihypertensive treatment with monotherapy
and sequential (stepped-care) titration of additional
agents versus initiation of treatment with combination
therapy (including fixed-dose combinations) did not
identify any RCTs meeting the systematic review ques-
tions posed in the PICOTS format (P¼population,
I¼intervention, C¼comparator, O¼outcome, T¼timing,
S¼setting). However, in both ACCORD and SPRINT, 2-drug
therapy was recommended for most participants in the
intensive- but not standard-therapy groups.

Recommendation-Specific Supportive Text

1. Because most patients with hypertension require mul-
tiple agents for control of their BP and those with higher
BPs are at greater risk, more rapid titration of antihy-
pertensive medications began to be recommended in
patients with BP >20/10 mm Hg above their target,
beginning with the JNC 7 report (S8.1.6.1-1). In these
patients, initiation of antihypertensive therapy with 2
agents is recommended. Evidence favoring this
approach comes mostly from studies using fixed-dose
combination products showing greater BP lowering
with fixed-dose combination agents than with single
agents, as well as better adherence to therapy (S8.1.6.1-
2,S8.1.6.1-3). The safety and efficacy of this strategy
have been demonstrated in adults to reduce BPs
to <140/90 mm Hg though not compared with other
strategies (S8.1.6.1-4—S8.1.6.1-6). In general, this
approach is reasonable in older adults, those at high

CVD risk, or those who have a history of hypotension or
drug-associated side effects. However, caution is
advised in initiating antihypertensive pharmacotherapy
with 2 drugs in older patients because hypotension or
orthostatic hypotension may develop in some patients;
BP should be carefully monitored.

2. The stepped-care approach defined by the initiation of
antihypertensive drug therapy with a single agent
followed by the sequential titration of the dose and
addition of other agents has been the recommended
treatment strategy since the first report of the National
High Blood Pressure Education Program (S8.1.6.1-7).
This approach is also reasonable in older adults or those
at risk or who have a history of hypotension or drug-
associated side effects. This strategy has been used
successfully in nearly all hypertension treatment trials
but has not been formally tested against other antihy-
pertensive drug treatment strategies for effectiveness in
achieving BP control or in preventing adverse outcomes.

8.2. Achieving BP Control in Individual Patients

Recommendations for lifestyle modifications and drug
selection are specified in Sections 6.2, 8.1.4, and 8.1.6.
Initial drug selections should be based on trial evidence of
treatment efficacy, combined with recognition of
compelling indications for use of an agent from a specific
drug class, as well as the individual patient’s lifestyle
preferences and traits. For a subset of patients (25% to
50%) (S8.2-1), the initial drug therapy will be well
tolerated and effective in achieving the desired level of
BP, with only the need for subsequent monitoring
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2018 ESC/ESH Guidelines: Class I, Level A

“Combination treatment is recommended for most hypertensive patients as initial
therapy.” “. . . no RCT has compared major CV outcomes between initial combina-
tion therapy and monotherapy . . . ”



Mono- vs. combo-therapy

Efficacy outcome: myocardial infarction, heart failure, stroke
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Mono- vs. combo-therapy

Safety outcome: kidney disease
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Kidney disease in CCAE

Table 1. Patient cohorts. Target (T) cohort is ACEIs new-users. Comparative (C) cohort is ACEIs and TZDs new-users. We report total number
of patients, follow-up time (in years), number of chronic kidney disease events, and event incidence rate (IR) per 1,000 patient years (PY)
in patient cohorts, as well as the their minimum detectable relative risk (MDRR). Note that the IR does not account for any stratification or
matching.

Patients PYs Events IR

Design T C T C T C T C MDRR

PS stratification, on-treatment 767,571 231,312 579,641 153,465 3,473 980 5.99 6.39 1.10
PS stratification, intent-to-treat 769,659 232,022 2,089,649 635,031 11,872 3,673 5.68 5.78 1.05

Table 2. Patient demographics. We report the standardized differ-
ence of population means (StdDiff) before and after stratification for
selected base-line patient characteristics.

Before stratification After stratification

Characteristic T (%) C (%) StdDiff T (%) C (%) StdDiff

Age group
15-19 0.7 0.2 0.07 0.6 0.5 0.02
20-24 1.4 0.9 0.04 1.3 1.2 0.00
25-29 2.6 2.5 0.00 2.6 2.4 0.01
30-34 5.0 5.2 -0.01 5.1 4.9 0.01
35-39 8.1 8.7 -0.02 8.2 8.2 0.00
50-54 18.7 19.2 -0.01 18.8 18.9 0.00
55-59 18.3 17.8 0.01 18.2 18.4 0.00
60-64 15.5 14.0 0.04 15.1 15.6 -0.01
65-69 1.3 1.1 0.02 1.3 1.3 0.00
Gender: female 38.4 46.4 -0.16 40.3 40.6 -0.01
Medical history: General
Acute respiratory disease 24.5 23.2 0.03 24.3 24.4 0.00
Attention deficit hyperactivity disorder 1.2 0.8 0.04 1.1 1.1 0.00
Chronic liver disease 1.5 1.1 0.03 1.4 1.4 0.00
Chronic obstructive lung disease 1.8 1.5 0.02 1.7 1.8 0.00
Crohn’s disease 0.3 0.2 0.01 0.3 0.2 0.00
Depressive disorder 7.4 6.3 0.04 7.1 7.4 -0.01
Diabetes mellitus 18.3 9.8 0.24 16.4 15.8 0.02
Gastroesophageal reflux disease 7.8 6.4 0.05 7.5 7.5 0.00
Human immunodeficiency virus infection 0.2 0.2 0.01 0.2 0.2 -0.01
Lesion of liver 0.2 0.2 0.02 0.2 0.2 0.00
Obesity 8.5 9.8 -0.04 8.8 8.7 0.00
Osteoarthritis 11.3 10.1 0.04 11.0 11.3 -0.01
Pneumonia 1.5 1.3 0.02 1.4 1.4 0.00
Psoriasis 1.0 0.8 0.02 1.0 1.0 0.00
Renal impairment 1.1 0.6 0.05 0.9 0.9 0.01
Rheumatoid arthritis 0.8 0.7 0.01 0.8 0.7 0.00
Ulcerative colitis 0.3 0.2 0.02 0.3 0.2 0.00
Urinary tract infectious disease 5.1 4.7 0.02 5.0 5.1 0.00
Viral hepatitis C 0.4 0.4 0.01 0.4 0.4 0.00
Visual system disorder 15.5 12.9 0.08 14.9 15.0 0.00
Medical history: Cardiovascular disease
Atrial fibrillation 0.4 0.2 0.04 0.4 0.4 0.00
Cerebrovascular disease 1.7 1.0 0.06 1.6 1.5 0.01
Coronary arteriosclerosis 2.2 1.1 0.09 2.0 1.8 0.02
Heart disease 9.0 6.2 0.11 8.4 8.3 0.00
Heart failure 0.5 0.3 0.02 0.4 0.5 0.00
Ischemic heart disease 1.7 0.9 0.07 1.5 1.4 0.01
Peripheral vascular disease 4.1 2.9 0.07 3.9 3.8 0.00
Pulmonary embolism 0.2 0.1 0.02 0.2 0.2 0.00
Medical history: Neoplasms
Hematologic neoplasm 0.5 0.4 0.02 0.5 0.5 0.00
Malignant lymphoma 0.2 0.1 0.01 0.2 0.2 0.00
Malignant neoplasm of anorectum 0.1 0.1 0.01 0.1 0.1 0.00
Malignant neoplastic disease 4.2 3.2 0.05 4.0 4.0 0.00
Malignant tumor of breast 0.7 0.6 0.01 0.7 0.7 0.00
Malignant tumor of colon 0.2 0.2 0.02 0.2 0.2 0.01
Malignant tumor of lung 0.1 0.1 0.01 0.1 0.1 0.00
Malignant tumor of urinary bladder 0.1 0.1 0.01 0.1 0.1 0.00
Primary malignant neoplasm of prostate 0.5 0.4 0.02 0.5 0.5 0.00
Medication use
Antibacterials for systemic use 48.8 45.1 0.07 48.0 48.0 0.00
Antidepressants 17.7 15.4 0.06 17.2 17.5 -0.01
Antiepileptics 6.2 5.0 0.05 6.0 5.9 0.00
Antiinflammatory and antirheumatic products 24.0 23.4 0.01 23.9 24.0 0.00
Antineoplastic agents 1.4 1.1 0.03 1.4 1.3 0.00
Antipsoriatics 0.4 0.3 0.02 0.4 0.4 0.00
Antithrombotic agents 3.3 2.1 0.08 3.1 2.8 0.01
Beta blocking agents 0.5 0.4 0.01 0.4 0.5 -0.01
Drugs for acid related disorders 14.1 11.6 0.07 13.6 13.6 0.00
Drugs for obstructive airway diseases 18.1 16.2 0.05 17.7 17.6 0.00
Drugs used in diabetes 15.6 7.5 0.25 13.8 13.1 0.02
Immunosuppressants 1.5 1.2 0.03 1.4 1.4 0.00
Lipid modifying agents 24.6 17.2 0.18 22.9 22.8 0.00
Opioids 15.2 14.2 0.03 15.2 14.8 0.01
Psycholeptics 17.6 14.9 0.07 17.0 17.0 0.00
Psychostimulants, agents used for adhd and nootropics 2.9 2.3 0.03 2.7 2.8 0.00
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Fig. 3. Patient characteristics balance before and after stratification. As a rule-
of-thum, all values < 0.1 is generall considered well-balance (Austin, 2009).

features that serve as input for the PS model. Before stratifi-
cation, 70 features have a StdDi� > 0.1. After stratification,
the count is 0.

Outcome assessment. Table 3 details the time to first chronic
kidney disease or censoring distributions for patients in the
ACEIs and ACEIs and TZDs cohorts. We report in Table 4
estimated HRs comparing ACEIs to ACEIs and TZDs for the
on-treatment and intent-to-treat designs with stratification
or matching. Figure 4 plots Kaplan-Meier survival curves
for patients under the intent-to-treat design. To examine
possible subgroup di�erences in treatment-e�ect, we include
Table{tab:subgroups} that reports HR estimates separately
for children (age < 18), the elderly (age � 65), female pa-
tients, pregnant women, patients with hepatic impairment and
patients with renal impairment, using PS stratification.

Residual systematic error. In the absense of bias, we expect
95% of negative and positive control estimate 95% confidence
intervals to include their presumed HR. In the case of negative
controls, the presumed HR = 1. Figure 5 describes the negative
and positive control estimates under the on-treatment with PS
stratification design. Before calibration, negative and positive
controls demonstrate poor coverage. After calibration, controls
demonstrate acceptable coverage.

Conclusions

We find that ACEIs has a lower risk of chronic kidney disease
as compared to ACEIs and TZDs within the population that
the CCAE represents.
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Statistical analysis. We conduct our cohort study using the
open-source OHDSI CohortMethod R package (Schuemie et al.,
2018c) , with large-scale analytics achieved through the Cy-
clops R package (Suchard et al., 2013) . We use propensity
scores (PSs) – estimates of treatment exposure probability
conditional on pre-treatment baseline features in the one year
prior to treatment initiation – to control for potential measured
confoudning and improve balance between the target (ACEIs)
and comparator (ACEIs and TZDs) cohorts (Rosenbaum and
Rubin, 1983) . We use an expansive PS model that includes
all available patient demographics, drug, condition and proce-
dure covariates generated through the FeatureExtraction R
package (Schuemie et al., 2018d) instead of a prespecified set
of investigator-selected confounders. We perform PS stratifica-
tion or variable-ratio matching and then estimate comparative
ACEIs-vs-ACEIs and TZDs hazard ratios (HRs) using a Cox
proportional hazards model. Detailed covariate and methods
informations are provided in the Supporting Information. We
present PS and covariate balance metrics to assess successful
confounding control, and provide HR estimates and Kaplan-
Meier survival plots for the outcome of chronic kidney disease.
We additionally estimate HRs for pre-specified subgroups to
evaluate interactions with the treatment e�ect. For e�ciency
reasons, we fit subgroup Cox models using PS stratification
only.

Residual study bias from unmeasured and systematic
sources can exist in observational studies after controlling for
measured confounding (Schuemie et al., 2014, 2016) . To esti-
mate such residual bias, we conduct negative control outcome
experiments with 292 negative control outcomes identified
through a data-rich algorithm (Voss et al., 2017). We fit the
negative control estimates to an empirical null distribution
that characterizes the study residual bias and is an important
artifact from which to assess the study design (Schuemie et al.,
2018a) . Using the empirical null distribution and synthetic
positive controls (Schuemie et al., 2018b) , we additionally
calibrate all HR estimates, their 95% confidence intervals (CIs)
and the p-value to reject the null hypothesis of no di�erential
e�ect (HR = 1). Empirical calibration serves as an important
diagnostic tool to evaluate if residual systematic error is suf-
ficient to cast doubt on the accuracy of the unknown e�ect
estimate.

Results

Population characteristics. Figure 1 diagrams the inclusion
of study subjects from the CCAE database under the on-
treatment with stratification design. We augment these counts
with cohort sizes we identify for the remaining designs in Table
1. This table also reports total patient follow-up time, numbers
of chronic kidney disease events these patients experience
and unadjusted incidence rates. Table 2 compares base-line
characteristics between patient cohorts.

Patient characteristics balance. Figure 2 plots the preference
score distributions, re-scalings of PS estimates to adjust for
di�erential treatment prevalences, for patients treated with
ACEIs and ACEIs and TZDs. We assess characteristics balance
achieved through PS adjustment by comparing all character-
istics’ standardized di�erence (StdDi�) between treatment
group means before and after PS trimming and stratification
(Table 2). Figure ?? plots StdDi� for all 8541 base-line patient
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Fig. 1. Attrition diagram for selecting new-users of ACE inhibitors and ACE
inhibitors and thiazide or thiazide-like diuretics from the CCAE database.
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receiving one treatment over the other.
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Kidney disease in CCAE

Table 3. Time-at-risk distributions as percentiles in the target and comparator cohorts after stratification.

min 10% 25% 50% 75% 90% max

ACEIs 1 29 37 116 528 718 6,087
ACEIs and TZDs 1 29 29 98 451 627 5,989

Table 4. Hazard ratio (HR) estimates and their confidence intervals (CIs) and p-value to reject the null hypothesis of no difference (HR = 1)
under various designs.

Uncalibrated Calibrated

Design HR (95% CI) p HR (95% CI) p

PS stratification, on-treatment 0.78 (0.72 - 0.84) 0.00 0.78 (0.71 - 0.87) 0.00
PS stratification, intent-to-treat 0.79 (0.76 - 0.82) 0.00 0.80 (0.73 - 0.89) 0.00
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Fig. 4. Kaplan Meier plot of chronic kidney disease-free survival. This plot is
adjusted for the propensity score stratification; the ACEIs curve shows the actual
observed survival. The ACEIs and TZDs curve applies reweighting to approximate
the counterfactual of what ACEIs survival would look like had the ACEIs cohort been
exposed to ACEIs and TZDs instead. The shaded area denotes the 95% CI.

Residual systematic error. In the absense of bias, we expect
95% of negative and positive control estimate 95% confidence
intervals to include their presumed HR. In the case of negative
controls, the presumed HR = 1. Figure 5 describes the negative
and positive control estimates under the on-treatment with PS
stratification design. Before calibration, negative and positive
controls demonstrate poor coverage. After calibration, controls
demonstrate acceptable coverage.

Conclusions

We find that ACEIs has a lower risk of chronic kidney disease
as compared to ACEIs and TZDs within the population that
the CCAE represents.

Supporting Information

Here we enumerate the guiding principles of LEGEND and
provide linking details on study cohorts and design.

LEGEND principles.

1. Evidence will be generated at large-scale.
2. Dissemination of the evidence will not depend on the

estimated e�ects.
3. Evidence will be generated by consistently applying a

systematic approach across all research questions.
4. Evidence will be generated using a pre-specified analysis

design.
5. Evidence will be generated using open source software

that is freely available to all.
6. Evidence generation process will be empirically evaluated

by including control research questions where the true
e�ect size is known.

7. Evidence will be generated using best-practices.
8. LEGEND will not be used to evaluate methods.
9. Evidence will be updated on a regular basis.

10. No patient-level data will be shared between sites in the
network, only aggregated data.

Study cohorts. Please see the LEGEND hypertension
Study protocol (https://github.com/OHDSI/Legend/tree/master/
Documents) for complete specification of the ACEIs, ACEIs
and TZDs and chronic kidney disease cohorts using ATLAS
(http://www.ohdsi.org/web/atlas).
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controls, the presumed HR = 1. Figure 5 describes the negative
and positive control estimates under the on-treatment with PS
stratification design. Before calibration, negative and positive
controls demonstrate poor coverage. After calibration, controls
demonstrate acceptable coverage.
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Meta-analysis safety estimates:
HR

ACEIs 0.84 (0.77 - 0.91)
TZDs 0.80 (0.67 - 0.96)

Mono vs. combo-therapy:
Comparable efficacy
Greater safety risk



Chlorthalidone vs. hydrochlorothiazide

2017 ACC/AHA Guidelines
TABLE 18 Oral Antihypertensive Drugs

Class Drug
Usual Dose,

Range (mg/d)*
Daily

Frequency Comments

Primary agents

Thiazide or thiazide-type
diuretics

Chlorthalidone 12.5–25 1 n Chlorthalidone is preferred on the basis of prolonged half-life and
proven trial reduction of CVD.

n Monitor for hyponatremia and hypokalemia, uric acid and calcium
levels.

n Use with caution in patients with history of acute gout unless patient
is on uric acid–lowering therapy.

Hydrochlorothiazide 25–50 1

Indapamide 1.25–2.5 1

Metolazone 2.5–5 1

ACE inhibitors Benazepril 10–40 1 or 2 n Do not use in combination with ARBs or direct renin inhibitor.
n There is an increased risk of hyperkalemia, especially in patients with

CKD or in those on Kþ supplements or Kþ-sparing drugs.
n There is a risk of acute renal failure in patients with severe bilateral

renal artery stenosis.
n Do not use if patient has history of angioedema with ACE inhibitors.
n Avoid in pregnancy.

Captopril 12.5–150 2 or 3

Enalapril 5–40 1 or 2

Fosinopril 10–40 1

Lisinopril 10–40 1

Moexipril 7.5–30 1 or 2

Perindopril 4–16 1

Quinapril 10–80 1 or 2

Ramipril 2.5–20 1 or 2

Trandolapril 1–4 1

ARBs Azilsartan 40–80 1 n Do not use in combination with ACE inhibitors or direct renin inhibitor.
n There is an increased risk of hyperkalemia in CKD or in those on Kþ

supplements or Kþ-sparing drugs.
n There is a risk of acute renal failure in patients with severe bilateral

renal artery stenosis.
n Do not use if patient has history of angioedema

with ARBs. Patients with a history of angioedema with an ACE in-
hibitor can receive an ARB beginning 6 weeks after ACE inhibitor is
discontinued.

n Avoid in pregnancy.

Candesartan 8–32 1

Eprosartan 600–800 1 or 2

Irbesartan 150–300 1

Losartan 50–100 1 or 2

Olmesartan 20–40 1

Telmisartan 20–80 1

Valsartan 80–320 1

CCB—dihydropyridines Amlodipine 2.5–10 1 n Avoid use in patients with HFrEF; amlodipine or felodipine may be
used if required.

n They are associated with dose-related pedal edema, which is more
common in women than men.

Felodipine 2.5–10 1

Isradipine 5–10 2

Nicardipine SR 60–120 2

Nifedipine LA 30–90 1

Nisoldipine 17–34 1

CCB—nondihydropyridines Diltiazem ER 120–360 1 n Avoid routine use with beta blockers because of increased risk of
bradycardia and heart block.

n Do not use in patients with HFrEF.
n There are drug interactions with diltiazem and verapamil (CYP3A4

major substrate and moderate inhibitor).

Verapamil IR 120–360 3

Verapamil SR 120–360 1 or 2

Verapamil-delayed
onset ER

100–300 1 (in the
evening)

Secondary agents

Diuretics—loop Bumetanide 0.5–2 2 n These are preferred diuretics in patients with symptomatic HF. They
are preferred over thiazides in patients with moderate-to-severe CKD
(e.g., GFR <30 mL/min).Furosemide 20–80 2

Torsemide 5–10 1

Diuretics—potassium sparing Amiloride 5–10 1 or 2 n These are monotherapy agents and minimally effective antihyper-
tensive agents.

n Combination therapy of potassium-sparing diuretic with a thiazide
can be considered in patients with hypokalemia on thiazide
monotherapy.

n Avoid in patients with significant CKD (e.g., GFR <45 mL/min).

Triamterene 50–100 1 or 2

Continued on the next page
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CTD vs. HCTZ: risk of MI in CCAE

Table 1. Patient cohorts. Target (T) cohort is chlorthalidone new-users. Comparative (C) cohort is hydrochlorothiazide new-users. We report
total number of patients, follow-up time (in years), number of acute myocardial infarction events, and event incidence rate (IR) per 1,000
patient years (PY) in patient cohorts, as well as the their minimum detectable relative risk (MDRR). Note that the IR does not account for any
stratification or matching.

Patients PYs Events IR

Design T C T C T C T C MDRR

PS stratification, on-treatment 14,077 287,092 8,513 200,715 11 348 1.29 1.73 2.01
PS stratification, intent-to-treat 14,098 288,073 32,565 888,405 72 1,806 2.21 2.03 1.36

Table 2. Patient demographics. We report the standardized differ-
ence of population means (StdDiff) before and after stratification for
selected base-line patient characteristics.

Before stratification After stratification

Characteristic T (%) C (%) StdDiff T (%) C (%) StdDiff

Age group
15-19 0.4 0.6 -0.03 0.4 0.6 -0.03
20-24 1.6 1.6 0.00 1.4 1.6 -0.02
25-29 3.0 3.6 -0.03 3.4 3.5 -0.01
30-34 6.0 6.6 -0.02 6.0 6.6 -0.02
35-39 8.9 9.9 -0.03 9.5 9.8 -0.01
40-44 13.1 13.4 -0.01 13.2 13.4 0.00
45-49 15.5 16.4 -0.02 15.9 16.4 -0.01
50-54 18.4 17.6 0.02 18.1 17.7 0.01
55-59 17.2 16.0 0.03 17.1 16.1 0.03
60-64 14.5 13.1 0.04 13.8 13.2 0.02
65-69 1.3 1.1 0.02 1.1 1.1 0.00
Gender: female 51.8 61.1 -0.19 60.9 60.6 0.00
Medical history: General
Acute respiratory disease 23.4 26.3 -0.07 25.9 26.1 0.00
Attention deficit hyperactivity disorder 1.5 1.1 0.04 1.0 1.1 0.00
Chronic liver disease 1.1 1.1 0.00 1.0 1.1 -0.01
Chronic obstructive lung disease 1.2 1.4 -0.02 1.4 1.4 0.00
Dementia 0.1 0.1 -0.02 0.1 0.1 -0.02
Depressive disorder 8.3 8.1 0.00 7.7 8.2 -0.02
Diabetes mellitus 4.5 4.6 0.00 4.8 4.6 0.01
Gastroesophageal reflux disease 8.1 7.5 0.02 7.3 7.5 -0.01
Human immunodeficiency virus infection 0.3 0.3 0.01 0.2 0.3 -0.02
Hyperlipidemia 27.0 25.3 0.04 26.6 25.4 0.03
Lesion of liver 0.2 0.2 0.00 0.2 0.2 -0.01
Obesity 13.7 9.9 0.12 9.9 10.1 -0.01
Osteoarthritis 11.3 10.6 0.02 10.8 10.6 0.01
Pneumonia 1.4 1.4 -0.01 1.7 1.4 0.02
Psoriasis 1.0 0.9 0.02 0.7 0.9 -0.02
Renal impairment 1.0 0.5 0.06 0.7 0.5 0.02
Rheumatoid arthritis 0.9 0.8 0.01 1.2 0.8 0.04
Ulcerative colitis 0.3 0.2 0.01 0.2 0.2 0.00
Urinary tract infectious disease 5.3 6.4 -0.04 6.4 6.3 0.00
Viral hepatitis C 0.3 0.3 0.00 0.3 0.3 -0.01
Visual system disorder 15.1 14.9 0.00 14.6 14.9 -0.01
Medical history: Cardiovascular disease
Atrial fibrillation 0.3 0.2 0.02 0.3 0.2 0.00
Cerebrovascular disease 1.0 1.0 0.00 1.2 1.0 0.02
Coronary arteriosclerosis 1.1 1.0 0.02 1.2 1.0 0.02
Heart disease 7.2 6.4 0.03 6.9 6.4 0.02
Heart failure 0.4 0.3 0.01 0.3 0.3 0.01
Peripheral vascular disease 3.9 3.2 0.04 3.5 3.2 0.02
Pulmonary embolism 0.2 0.2 0.00 0.2 0.2 -0.01
Medical history: Neoplasms
Hematologic neoplasm 0.5 0.4 0.01 0.4 0.4 -0.01
Malignant lymphoma 0.2 0.2 0.02 0.3 0.2 0.02
Malignant neoplasm of anorectum 0.1 0.1 -0.01 0.1 0.1 0.00
Malignant neoplastic disease 3.9 3.8 0.01 4.0 3.8 0.01
Malignant tumor of breast 0.9 1.0 -0.01 1.2 1.0 0.02
Malignant tumor of colon 0.1 0.2 -0.01 0.1 0.2 -0.02
Malignant tumor of urinary bladder 0.1 0.1 0.00 0.1 0.1 0.01
Primary malignant neoplasm of prostate 0.4 0.3 0.00 0.3 0.3 0.00
Medication use
Antibacterials for systemic use 46.1 50.9 -0.10 50.9 50.6 0.00
Antidepressants 17.7 19.2 -0.04 18.9 19.2 -0.01
Antiepileptics 6.1 6.0 0.00 6.2 6.0 0.01
Antiinflammatory and antirheumatic products 24.6 26.4 -0.04 26.4 26.3 0.00
Antineoplastic agents 1.5 1.5 0.01 1.7 1.5 0.02
Antipsoriatics 0.4 0.4 0.00 0.4 0.4 0.00
Antithrombotic agents 2.7 2.2 0.03 2.7 2.2 0.03
Beta blocking agents 0.5 0.4 0.01 0.4 0.4 -0.01
Drugs for acid related disorders 13.4 14.0 -0.02 13.9 14.0 0.00
Drugs for obstructive airway diseases 21.0 20.3 0.02 20.5 20.3 0.00
Drugs used in diabetes 2.9 3.1 -0.01 3.2 3.0 0.01
Immunosuppressants 1.7 1.5 0.02 1.4 1.5 -0.01
Lipid modifying agents 14.2 13.5 0.02 14.2 13.6 0.02
Opioids 15.6 16.0 -0.01 16.2 16.0 0.01
Psycholeptics 18.3 18.2 0.00 18.8 18.2 0.01
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Fig. 3. Patient characteristics balance before and after stratification. As a rule-
of-thum, all values < 0.1 is generall considered well-balance (Austin, 2009).

all characteristics’ standardized di�erence (StdDi�) between
treatment group means before and after PS trimming and
stratification (Table 2). Figure ?? plots StdDi� for all 8773
base-line patient features that serve as input for the PS model.
Before stratification, 37 features have a StdDi� > 0.1. After
stratification, the count is 0.

Outcome assessment. Table 3 details the time to first acute
myocardial infarction or censoring distributions for patients
in the chlorthalidone and hydrochlorothiazide cohorts. We
report in Table 4 estimated HRs comparing chlorthalidone
to hydrochlorothiazide for the on-treatment and intent-to-
treat designs with stratification or matching. Figure 4 plots
Kaplan-Meier survival curves for patients under the intent-
to-treat design. To examine possible subgroup di�erences in
treatment-e�ect, we include Table{tab:subgroups} that reports
HR estimates separately for children (age < 18), the elderly
(age � 65), female patients, pregnant women, patients with
hepatic impairment and patients with renal impairment, using
PS stratification.

## Warning: package ’dplyr’ was built under R version 3.4.4

##
## Attaching package: ’dplyr’

## The following objects are masked from ’package:stats’:
##
## filter, lag

## The following objects are masked from ’package:base’:
##
## intersect, setdiff, setequal, union
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tial prescriptions that have fewer than 30 days gap between
prescriptions.

Statistical analysis. We conduct our cohort study using the
open-source OHDSI CohortMethod R package (Schuemie et al.,
2018c) , with large-scale analytics achieved through the Cy-
clops R package (Suchard et al., 2013) . We use propensity
scores (PSs) – estimates of treatment exposure probability
conditional on pre-treatment baseline features in the one year
prior to treatment initiation – to control for potential mea-
sured confoudning and improve balance between the target
(chlorthalidone) and comparator (hydrochlorothiazide) cohorts
(Rosenbaum and Rubin, 1983) . We use an expansive PS
model that includes all available patient demographics, drug,
condition and procedure covariates generated through the Fea-
tureExtraction R package (Schuemie et al., 2018d) instead
of a prespecified set of investigator-selected confounders. We
perform PS stratification or variable-ratio matching and then
estimate comparative chlorthalidone-vs-hydrochlorothiazide
hazard ratios (HRs) using a Cox proportional hazards model.
Detailed covariate and methods informations are provided in
the Supporting Information. We present PS and covariate
balance metrics to assess successful confounding control, and
provide HR estimates and Kaplan-Meier survival plots for
the outcome of acute myocardial infarction. We additionally
estimate HRs for pre-specified subgroups to evaluate interac-
tions with the treatment e�ect. For e�ciency reasons, we fit
subgroup Cox models using PS stratification only.

Residual study bias from unmeasured and systematic
sources can exist in observational studies after controlling for
measured confounding (Schuemie et al., 2014, 2016) . To esti-
mate such residual bias, we conduct negative control outcome
experiments with 187 negative control outcomes identified
through a data-rich algorithm (Voss et al., 2017). We fit the
negative control estimates to an empirical null distribution
that characterizes the study residual bias and is an important
artifact from which to assess the study design (Schuemie et al.,
2018a) . Using the empirical null distribution and synthetic
positive controls (Schuemie et al., 2018b) , we additionally
calibrate all HR estimates, their 95% confidence intervals (CIs)
and the p-value to reject the null hypothesis of no di�erential
e�ect (HR = 1). Empirical calibration serves as an important
diagnostic tool to evaluate if residual systematic error is suf-
ficient to cast doubt on the accuracy of the unknown e�ect
estimate.

Results

Population characteristics. Figure 1 diagrams the inclusion
of study subjects from the CCAE database under the on-
treatment with stratification design. We augment these counts
with cohort sizes we identify for the remaining designs in Table
1. This table also reports total patient follow-up time, numbers
of acute myocardial infarction events these patients experience
and unadjusted incidence rates. Table 2 compares base-line
characteristics between patient cohorts.

Patient characteristics balance. Figure 2 plots the preference
score distributions, re-scalings of PS estimates to adjust for
di�erential treatment prevalences, for patients treated with
chlorthalidone and hydrochlorothiazide. We assess character-
istics balance achieved through PS adjustment by comparing
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Exposed:
chlorthalidone: n = 451706
hydrochlorothiazide: n = 9385478

Mono−therapy new users

Having indication

Restricted to common period

Restricting duplicate
subjects to first cohort

No prior outcome

Have at least 1 days at risk

Study population:
chlorthalidone: n = 14077
hydrochlorothiazide: n = 287092

chlorthalidone: n = 429260
hydrochlorothiazide: n = 8818043

chlorthalidone: n = 8296
hydrochlorothiazide: n = 278666

chlorthalidone: n = 0
hydrochlorothiazide: n = 13

chlorthalidone: n = 0
hydrochlorothiazide: n = 0

chlorthalidone: n = 27
hydrochlorothiazide: n = 299

chlorthalidone: n = 46
hydrochlorothiazide: n = 1365

Fig. 1. Attrition diagram for selecting new-users of chlorthalidone and hy-
drochlorothiazide from the CCAE database.
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Fig. 2. Preference score distribution for chlorthalidone and hydrochloroth-
iazide new-users. The preference score is a transformation of the propensity score
that adjusts for prevalence differences between populations. A higher overlap indi-
cates that subjects in the two populations are more similar in terms of their predicted
probability of receiving one treatment over the other.
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Cohort stratification / balance:
Achieved across all 8,773
baseline characteristics
Sufficient overlap in cohorts
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Table 4. Hazard ratio (HR) estimates and their confidence intervals (CIs) and p-value to reject the null hypothesis of no difference (HR = 1)
under various designs.

Uncalibrated Calibrated

Design HR (95% CI) p HR (95% CI) p

PS stratification, on-treatment 0.65 (0.33 - 1.14) 0.17 0.66 (0.37 - 1.19) 0.18
PS stratification, intent-to-treat 1.00 (0.78 - 1.26) 0.99 1.01 (0.79 - 1.30) 0.93

Table 5. Subgroup analyses. We report HR estimates, their 95% CIs and uncalibrated and calibrated (cal) p-values to reject the null hypothesis
of no difference in five pre-specified patient subgroups.

Subjects On-treatment Intent-to-treat

Subgroup T C HR (95% CI) p cal-p HR (95% CI) p cal-p

• Conditions (condition occurrence in lookback window)
– in 365 days prior to index date
– in 30 days prior to index date

• Condition aggregation
– SMOMED

• Drugs (drug occurrence in lookback window)
– in 365 days prior to index date
– in 30 days prior to index date

• Drug aggregation
– Ingredient
– ATC class

• Risk Scores (Charlson comorbidity index)
We exclude all covariates that occur in fewer than 0.1% of

patients within the target and comparator cohorts prior to
model fitting for computational e�ciency.
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Table 3. Time-at-risk distributions as percentiles in the target and comparator cohorts after stratification.

min 10% 25% 50% 75% 90% max

chlorthalidone 2 29 29 91 424 569 5,418
hydrochlorothiazide 1 29 29 94 482 673 6,101
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Fig. 4. Kaplan Meier plot of acute myocardial infarction-free survival. This plot
is adjusted for the propensity score stratification; the chlorthalidone curve shows
the actual observed survival. The hydrochlorothiazide curve applies reweighting to
approximate the counterfactual of what chlorthalidone survival would look like had the
chlorthalidone cohort been exposed to hydrochlorothiazide instead. The shaded area
denotes the 95% CI.

## Warning: package ’bindrcpp’ was built under R version 3.4.4

Residual systematic error. In the absense of bias, we expect
95% of negative and positive control estimate 95% confidence
intervals to include their presumed HR. In the case of negative
controls, the presumed HR = 1. Figure 5 describes the negative
and positive control estimates under the on-treatment with PS
stratification design. Before calibration, negative and positive
controls demonstrate poor coverage. After calibration, controls
demonstrate acceptable coverage.

Conclusions

We find that chlorthalidone has a similar risk of acute myocar-
dial infarction as compared to hydrochlorothiazide within the
population that the CCAE represents.

Supporting Information

Here we enumerate the guiding principles of LEGEND and
provide linking details on study cohorts and design.

LEGEND principles.

1. Evidence will be generated at large-scale.
2. Dissemination of the evidence will not depend on the

estimated e�ects.
3. Evidence will be generated by consistently applying a

systematic approach across all research questions.

4. Evidence will be generated using a pre-specified analysis
design.

5. Evidence will be generated using open source software
that is freely available to all.

6. Evidence generation process will be empirically evaluated
by including control research questions where the true
e�ect size is known.

7. Evidence will be generated using best-practices.
8. LEGEND will not be used to evaluate methods.
9. Evidence will be updated on a regular basis.

10. No patient-level data will be shared between sites in the
network, only aggregated data.

Study cohorts. Please see the LEGEND hypertension
Study protocol (https://github.com/OHDSI/Legend/tree/master/
Documents) for complete specification of the chlorthalidone,
hydrochlorothiazide and acute myocardial infarction cohorts
using ATLAS (http://www.ohdsi.org/web/atlas).

Negative controls. We selected negative controls using a pro-
cess similar to that outlined by Voss et al. (2017). We first
construct a list of all conditions that satisfy the following
criteria with respect to all drug exposures in the LEGEND
hypertension study:

• No Medline abstract where the MeSH terms suggests a
drug-condition association (Winnenburg et al., 2015),

• No mention of the drug-condition pair on a US product
label in the “Adverse Drug Reactions” or “Postmarketing”
section (Duke et al., 2013),

• No US spontaneous reports suggesting that the pair is in
an adverse event relationship (Evans et al., 2001; Banda
et al., 2016),

• OMOP vocabulary does not suggest that the drug is
indicated for the condition,

• Vocabulary conditional concepts are usable (i.e., not too
broad, not suggestive of an adverse event relationship, no
pregnancy related), and

• Exact condition concept itself is used in patient level data.

We optimize remaining condition concepts, such that parent
concepts remove children as defined by the OMOP vocabulary
and perform manual review to exclude any pairs that may still
be in a causal relationship or too similar to the study outcome.
For hypertension, this process led to a candidate list of 76
negative controls for which table can be found in study proto-
col (https://github.com/OHDSI/Legend/tree/master/Documents).
In the comparison of chlorthalidone and hydrochlorothiazide
in the CCAE database, 76 negative controls had su�cient
outcomes to return estimable HRs. We list these conditions
in Table 6

Covariate sets.

• Demographics (age in 5-year bands, gender, index year,
index month)
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Not shown: Calibration plots
demonstrate (and control for) only
minimal systematic residual bias
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Risk estimates and meta-analysis across LEGEND databases:



CTD vs. HCTZ: safety profile
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CTD vs. HCTZ: prediction

DCP-RCT LEGEND
CTD-users 6,750 25,566
HCTZ-users 6,750 528,202
avg/median follow-up 3 years 2 years
maximum follow-up 4.5 years 16 years
HR for MI (anticipated in 2022) 0.81 (0.56 - 1.17) NS

25% of LEGEND patients have follow-up > 4 years

Caveat: design differences (similar vis-a-vis ALLHAT)

DCP LEGEND



Clinical lessons for hypertension

LEGEND evidence is concordant with RCTs:
Where RCT results exist, but many
unanswered questions remains
More outcomes, comparisons, data sources

Not all 1st-line agents are equivalent:
# BBs, TZDs > ACEIs

Combo-therapy initiation:
# evidence that combo-therapy is better
Evidence of " safety risk

DCP trial prediction:
CTD vs. HCTZ – no efficacy difference
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