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Abstract
Antihypertensive medications are commonly prescribed to hemodialysis patients but the optimal regimens to prevent morbidity and
mortality are unknown. The goal of our study was to compare the association of routinely prescribed antihypertensive regimens with
outcomes in US hemodialysis patients.
We used 2 datasets for our analysis. Our primary cohort (US Renal Data System [USRDS]) included adult patients initiating in-

center hemodialysis from July 1, 2006 to June 30, 2008 (n=33,005) with follow-up through December 31, 2009. Our secondary
cohort included adult patients fromDialysis Clinic, Inc. (DCI), a national not-for-profit dialysis provider, initiating in-center hemodialysis
from January 1, 2003 to June 30, 2008 (n=11,291) with follow-up through December 31, 2008. We linked the USRDS cohort with
Medicare part D prescriptions-fill data and the DCI cohort with USRDS data. Unique aspect of USRDS cohort was pharmacy
prescription-fill data and for DCI cohort was detailed clinical data, including blood pressure, weight, and ultrafiltration. We classified
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prescribed antihypertensives into the following mutually exclusive regimens: b-blockers, renin–angiotensin system blocking drugs-
containing regimens without a b-blocker (RAS), b-blocker+RAS, and others. We used marginal structural models accounting for
time-updated comorbidities to quantify each regimen’s association with mortality (both cohorts) and cardiovascular hospitalization
(DCI-Medicare Subcohort).
In the USRDS and DCI cohorts there were 9655 (29%) and 3200 (28%) deaths, respectively. In both cohorts, RAS compared to

b-blockers regimens were associated with lower risk of death; (hazard ratio [HR]) (95% confidence interval [CI]) for all-causemortality,
(0.90 [0.82–0.97] in USRDS and 0.87 [0.76–0.98] in DCI) and cardiovascular mortality (0.84 [0.75–0.95] in USRDS and 0.88
[0.71–1.07] in DCI). There was no association between antihypertensive regimens and the risk of cardiovascular hospitalizations.
In hemodialysis patients undergoing routine care, renin–angiotensin system blocking drugs-containing regimens were associated

with a lower risk of death compared with b-blockers-containing regimens but there was no association with cardiovascular
hospitalizations. Pragmatic clinical trials are needed to specifically examine the effectiveness of these commonly used
antihypertensive regimens in dialysis patients.

Abbreviations: BB = b-blocker containing regimens without an RAS drug, BB + RAS = both b-blocker and renin–angiotensin
system blocking drugs-containing regimens, BP = blood pressure, CHF = congestive heart failure, CVD = cardiovascular disease,
DC = discontinued medications group, DCI = Dialysis Clinic, Inc., EMR = electronic medical records, OTHER = other
antihypertensive regimens without b-blocker or renin–angiotensin system blocking drugs, RAS = renin–angiotensin system blocking
drugs-containing regimens without a b-blocker, USRDS = US Renal Data System.

Keywords: angiotensin converting enzyme inhibitors, angiotensin receptor blockers, antihypertensives, b-blockers, epidemiology
and outcomes, hemodialysis, hypertension
1. Introduction

Hypertension is present in over 90% of dialysis patients and
results in substantial morbidity.[1–3] Treatment of hypertension in
dialysis patients is complex, characterized by substantial
heterogeneity in clinical practice patterns, which are fueled by
a lack of definitive scientific evidence to guide care.[4] Prescribers’
choices of antihypertensive regimens for hemodialysis patients
may be driven by several factors, including comorbidities,
cardiovascular disease (CVD),[5] multidrug medication regi-
mens,[6] frequent transitions of care,[7,8] as well as perturbations
in multiple domains, including biochemical (eg, hyperkalemia),
physiologic (eg, intradialytic hypotension,[9] blood pressure [BP]
variability,[10] and myocardial stunning[11]), physical (eg,
cramping, postdialysis fatigue,[12] and cognitive[13]), and psy-
chological (eg, depression,[14] lack of self-efficacy[15]). Citing a
lack of definitive evidence to guide clinical practice, the Kidney
Disease: Improving Global Outcomes board declined to review
management of hypertension in dialysis patients,[16] calling
attention to the need for increased focus to establish an improved
evidence base for care.
Classic “explanatory” clinical trials establishing the efficacy

of single drug regimens suggest that b-blockers are efficacious
in improving cardiovascular outcomes in dialysis patients with
cardiomyopathy.[17–19] In contrast, clinical trials conducted in
the general population have consistently demonstrated the
efficacy of renin–angiotensin system blocking drugs on reducing
cardiovascular outcomes.[20–23] Our recent national analysis
identified considerable variation and complexity in providers’
prescribed antihypertensive regimens for hemodialysis
patients, with over 40 distinct combinations of different
antihypertensives prescribed and a high rate (>30%) of
antihypertensives class switches for individual patients.[6]

Ideally, pragmatic clinical trials, designed to identify the most
effective treatment strategies as might be employed in the “real-
world”, would be conducted to identify optimal hypertension
management.[24,25] However, given the expense and infrastruc-
ture required for pragmatic trials, preliminary evidence is
needed about the association of common practices with
important clinical outcomes. Substantial variation in current
2

practice provides an opportunity to evaluate these alternative
antihypertensive regimens.
We conducted an observational study in 2 national cohorts of

hemodialysis patients to quantify associations between common-
ly prescribed b-blocker and renin–angiotensin system blocking
drugs containing antihypertensive regimens with patients’
morbidity and mortality. We hypothesized, based on general
population data, that renin–angiotensin system blocking drugs
containing antihypertensive regimens would be associated with
lower risk of death (all-cause and cardiovascular) and cardio-
vascular hospitalizations in hemodialysis patients.
2. Methods

2.1. Study design and population

Our primary cohort, constructed by linking data from the US
Renal Data System (USRDS) withMedicare Part D data, included
adult patients initiating in-center hemodialysis from July 1, 2006
to June 30, 2008 (Table S1, http://links.lww.com/MD/B526).
Our secondary cohort, constructed by linking electronic medical
records (EMR) data with USRDS data, included adult patients
initiating in-center hemodialysis from January 1, 2003 to June
30, 2008 in facilities operated by Dialysis Clinic, Inc. (DCI) a
medium-sized, not-for-profit, and national dialysis provider.[26]

For both cohorts, we used USRDS claims data for comorbidities
and hospitalizations, and the National Death Index, the “gold
standard” measure of US mortality causes,[27,28] to assess the
cause of death.
A unique aspect of the USRDS cohort was that it reflected

antihypertensives prescription-fill claims through Medicare Part
D, representing providers’ prescription patterns and patients’
adherence patterns.[29,30] The DCI cohort unique aspects
included antihypertensives as documented in the EMR and
clinical data which confound the association between antihy-
pertensives and outcomes (such as BP, dry weight, volume
removal, and other laboratory data), which the USRDS registry
data did not provide.
The Johns Hopkins Medicine Institutional Review Board

reviewed and approved the study.
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Figure 1. Timing of Assessment of Exposures and Outcome. Horizontal axis
represents months after initiation of dialysis. The gray bars represent
comorbidity assessment periods. Antihypertensive exposure window refers
to the 30-day interval in which the antihypertensive regimen is assessed.
Predictors used to determine to propensity (probability) of antihypertensive
regimen prescription are always assessed in the periods prior to the
antihypertensive exposure window.
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2.2. Discrete time dataset construction

We defined the baseline comorbidity assessment period as
consisting of patients’ 1st 180 days after starting hemodialysis
(Fig. 1). Starting from day 181 after patients initiated hemodial-
ysis, we followed patients in both cohorts for outcomes until the
end of available follow-up data – December 31, 2009 for the
USRDS cohort and December 31, 2008 for the DCI cohort. For
both cohorts, we censored patients if they underwent kidney
transplantation, switched to home dialysis, were lost to follow-
up, or, for the DCI cohort, if they were transferred to a non-DCI
facility. We divided patients’ follow-up time into 30-day discrete
time intervals. During each 30-day interval, we updated patients’
comorbidities and antihypertensives, leading up to and preceding
the outcome interval.

2.3. Comorbidity assessment

A core consideration of our analysis was assessing comorbidity
that could influence providers’ antihypertensive prescribing
practices, which are particularly dynamic over the 1st 6 months
of treatment. During this time, morbidity and mortality can be
influenced by multiple factors (eg, predialysis care, dialysis access
complications) that are unrelated to the biological effects
of antihypertensives. However, these factors can influence
3

prescribers’ choice of antihypertensive regimens for the patients.
Additionally, it is well recognized that assessing comorbidity data
at dialysis initiation solely from CMS Form-2728 can signifi-
cantly underestimate patients’ morbidities.[31,32]

Therefore, in an attempt to accurately characterize baseline
comorbidity and reduce confounding, we defined the baseline
comorbidity assessment period as comprising patients’ 1st 180
days after starting hemodialysis (Fig. 1). During this period, we
identified comorbidities using: data from Form-2728, supple-
mented by; Medicare hospitalization claims (both cohorts); and
hospitalization data from DCI EMR (DCI cohort). All patients
included inouranalyseswere therefore aliveonday180 (6months)
after initiating hemodialysis. During each subsequent 30-day
follow-up interval, starting at day 181, we updated the presence or
incidence of comorbidities using EMR and claims (including the
presence or development of diabetes, CVD, congestiveheart failure
[CHF], chronic obstructive pulmonary disease).
2.4. Exposure: antihypertensive medication regimens

In determining a classification scheme for antihypertensives, we
considered the proposed unique vascular effects of various classes
of antihypertensives. For instance, b-blockers have beneficial
effects in patients with coronary artery disease, while renin–-
angiotensin system blocking agents have effects on cardiac
remodeling and reduce risk of cardiovascular outcomes.[20,22,23]

We hypothesized that providers might distinguish these unique
effects when prescribing regimens, above and beyond their
antihypertensive effects, while simultaneously balancing poten-
tial toxicity of these drugs. Similar choices may not play a role in
the prescription of calcium channel blockers. Our prior work
demonstrates that as many as 50% of all dialysis patients receive
calcium channel blockers[6] making it difficult to further
subcategorize antihypertensive regimens.
We therefore classified antihypertensives into the following

mutually exclusive regimens: b-blocker containing regimens
without a RAS drug (BB), renin–angiotensin system blocking
drugs containing regimens without a b-blocker (RAS), both
b-blocker and renin–angiotensin system blocking drugs-contain-
ing regimens (BB+RAS), and other antihypertensive regimens
without b-blocker or renin–angiotensin system blocking drugs
(OTHER). We defined patients’ baseline antihypertensive
regimen as the regimen recorded on day 180. We categorized
patients that discontinued antihypertensives during follow-up as
a discontinued medications group (DC). We updated patients’
regimens during each 30-day follow-up interval up to and
preceding the interval in which the outcome occurred (Fig. 1).
For the USRDS cohort, we extracted antihypertensive

prescriptions filled by patients from Medicare Part D data. For
the DCI cohort, we assessed prescriptions from nurse-entered
EMR data. In a subset of DCI patients with Medicare Part D we
noted high concordance in medications between the EMR and
Medicare Part D; 90% for b-blockers and 86% for RAS drugs.
2.5. Outcomes

Our primary outcomes in both cohorts were all-cause and
cardiovascular death (defined as primary cause of death from
heart disease, peripheral vascular disease, or cerebrovascular
disease; Table S2, http://links.lww.com/MD/B526).[26]

Our secondary outcome was a composite endpoint of
cardiovascular hospitalization (identified using Medicare claims
[Table S2, http://links.lww.com/MD/B526] and DCI EMR)[26] or

http://links.lww.com/MD/B526
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all-cause death. For this outcome, we limited our analysis to DCI
cohort with Medicare A and B coverage (DCI-Medicare) as the
detailed dialysis treatment level data, including adherence, BP,
and volume changes, allowed us to carefully account for
comorbidity preceding hospitalizations.
2.6. Other covariates

We prespecified covariates (Table S3, http://links.lww.com/MD/
B526) to be included in outcome models based on clinical
evidence that they may act as confounders or mediators. For
continuous variables, we used average values during each 30-day
interval. For categorical variables, we considered them as present
if they were present at baseline or leading up to and including the
time interval under consideration. Importantly, for our DCI
cohort, covariates included comorbidities including CVD and
hospitalizations, detailed dialysis session data including treat-
ment adherence, predialysis systolic BP, dry weight attainment,
and ultrafiltration as well as laboratory data including serum
albumin, hemoglobin, Kt/VUREA, and calcium–phosphate prod-
uct (Table S3, http://links.lww.com/MD/B526).
USRDS DCI 
2.7. Statistical analysis

Although theDCI cohortwas included in the administrativeUSRDS
national cohort, there were different data available to inform the
analyses of the 2 cohorts. Thus,we conducted analyses in parallel in
the 2 cohorts anddidnot combine the results.Wedescribedpatients’
baseline characteristics by antihypertensive regimens.
We hypothesized that several time-varying factors, such as BP

and volume status that are associated with outcomes, are likely to
influence prescribers’ antihypertensive regimens choice (con-
founders) but could also mediate the effect of antihypertensives
on outcomes (mediators; Fig. 2). In the presence of time-varying
confounding and mediation, traditional multivariable adjust-
ment may not well-approximate a randomized inference.[33] We
therefore used marginal structural models to quantify the
association between antihypertensive regimens and outcomes.
Marginal structural models’ analyses account for observed time-
varying confounding and are designed to produce unbiased
estimators of the causal mortality rate ratio across treatments (ie,
per treatment pairing, a ratio comparing a population’s mortality
rate when all its members receive a given treatment to the rate
when all its members receive another given treatment). The
analysis envisions a study in which individuals are successively
randomized to treatment categories in each month, and it
estimates, say, the next-monthly relative mortality risk between
treatment groups under these circumstances. The causal
interpretation of the hazard ratio from these models is the ratio
of the outcome rate had all members of the population
represented by our subjects been continuously exposed compared
Med2 

BP1 

Medi 

BP2 BPi 

Med1 Outcomes 

Figure 2. Simplified DAG of the Time-Varying Association Between
Antihypertensive Regimens, BP, and outcomes. In this simplified model, the
association of antihypertensive regimen (Med) at time1 influences the BP at
time1. Both Med1 and BP1 influence the Med and BP at time2, and so on. This
complex interplay finally contributes to the observed outcomes. BP=blood
pressure, DAG=Directed Acyclic Graph.
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to the outcome rate if all remained unexposed. As elucidated
by Hernan and coworkers,[35] the estimators do indeed converge
to the causality mortality rate ratio when the outcomes and
probabilities of treatment taken are correctly modeled in terms of
the available covariates and there is no unmeasured confounding.
We rigorously diagnosed the fit of our models for both the
probabilities of treatment taken and outcomes and iterated to
achieve improved fit, using interactions and flexible functions to
capture nonlinearity where needed. Therefore, we believe that we
achieved a reasonable approximation to the model fit assump-
tions. The assumption of no unmeasured confounding cannot be
empirically verified: it challenges any statistical analysis that
might be applied to our data. Our analysis likely is most at risk
with respect to provider judgements in matching treatments to
patients’ status, which are difficult to capture empirically.
For each 30-day interval, we used multinomial logistic

regression to determine an individual’s probability (propensity)
for receiving a particular antihypertensive regimen as a function
of covariates including past month’s antihypertensive regimen.
We then used this propensity to calculate stabilized inverse
probability weights (see SupplementalMethods for details, http://
links.lww.com/MD/B526). We used discrete time proportional
hazards models incorporating these weights to determine the
association between antihypertensive regimens and outcomes.
We conducted analyses on hospitalization only in the DCI cohort
as detailed BP and treatment level data preceding hospitalization
is not available for the USRDS cohort. For hospitalization
analyses, models were constructed similarly. We accounted for
recurrent hospitalizations within individuals, using a modified
version of the Andersen–Gill approach.[36] We prespecified
subgroup analyses based on age, sex, race-ethnicity, diabetes,
CVD, and CHF. In sensitivity analyses, we examined unweighted
associations and associations after truncating for extreme
weights (>99th percentile).
We performed all statistical analyses using SAS 9.2 (SAS

Institute Inc., Cary, NC). We defined statistical significance as
P<0.05 using 2-tailed tests.
3. Results

3.1. Baseline characteristics

The final study populations included 33,005 (USRDS) and
11,291 (DCI) patients who were alive and receiving in-center
hemodialysis at day 180 after dialysis initiation (Fig. 3). Most
patients were receiving b-blocker containing regimens (either BB
or BB+RAS) at baseline (day 180; Table 1). Patients on b-blocker
regimens tended to be older, and had more CVD and CHF, and
Incident hemodialysis patients; alive and 
on in-center hemodialysis at 6 months 51,281 13,115 

Exclusions: 
No dialysis claims during the first 6-months 

No antihypertensive medications 

2,077 (4.1%) 

16,149 (31.5%) 

0 

1,824 (13.9%) 

Final Cohort 33,005 
(64.4%) 

11,291 
(86.1%) 

Figure 3. Selection of the final USRDS and DCI cohorts. DCI=Dialysis Clinic,
Inc., USRDS=United States Renal Data System.
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Figure 4. Association of Antihypertensive Regimens with All-Cause Mortality in U.S. Incident Hemodialysis Patients. Overall and subgroup analyses of the risk
of all-cause mortality with antihypertensive regimens. Results from the USRDS cohort are displayed in the left panel and the DCI cohort in the right panel. Dots
represent point estimates of hazard ratio and bars represent 95% confidence interval. Reference group for all comparisons is: b-blocker containing regimens
(BB) without a renin–angiotensin system blocking drug. Blue color represents RAS containing regimens without a b-blocker (RAS), red color represents both
b-blocker and RAS containing (BB+RAS) regimens, green color represents OTHER, and black color represents group with discontinued antihypertensives
during follow-up (DC). Note: In the DCI subgroup analysis, there were too few individuals to compute the associations in the Hispanic subgroup. This is
indicated by ∗ in the figure. CHF=congestive heart failure, CVD=cardiovascular disease, DCI=Dialysis Clinic, Inc., DM=diabetes mellitus, USRDS=United
States Renal Data System.
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higher comorbidity index scores. Patients with diabetes were
more likely to be on RAS containing regimens (either RAS or BB
+RAS). At baseline, patients were receiving 88 (both USRDS and
DCI) unique antihypertensives, and numerous unique antihyper-
tensive medication combinations (USRDS, 5944; DCI, 3760) that
reflected numerous antihypertensive medication class combina-
tions (USRDS, 225; DCI, 188).
Our strategy to supplement form 2728 data with comorbidities

claims in the baseline period significantly increased the assess-
ment of comorbidities (P<0.001) including CVD (absolute
increase in prevalence, USRDS 28%; DCI 17%), CHF (absolute
increase in prevalence, USRDS 18%; DCI 12%), and diabetes
(absolute increase in prevalence, USRDS 13%; DCI 7%).
3.2. All-cause mortality

All-cause mortality rates were similar in the 2 cohorts. During
follow-up, there were 9655 (29.5%) deaths in the USRDS cohort
and 3200 (28.3%) deaths in the DCI cohort. Compared to BB
regimens, RAS regimens were associated with 10% and 13%
lower risk of death in the USRDS and DCI cohorts, respectively,
while BB+RAS regimens were associated with a 17% and 8%
lower risk of death in the USRDS and DCI cohorts, respectively
(Fig. 4; Tables 2 and 3). Prescription of OTHER regimens was
not associated with differential risk of death compared to
prescription of BB regimens, in fully adjusted multivariable
models incorporating time-updated covariates. Subgroup anal-
yses in both cohorts (Fig. 4; Table S5, http://links.lww.com/MD/
6

B526) showed similar direction of associations. Of note, the DC
was associated with higher risk of death in the USRDS cohort but
in the DCI cohort, with accounting for treatment level time-
updated covariates, the risk association was significantly
attenuated.

3.3. Cardiovascular mortality

Cardiovascular death rates were also similar in the 2 cohorts.
There were 4716 deaths (48.8% of all deaths) due to
cardiovascular causes in USRDS and 1598 deaths (49.9% of
all deaths) due to cardiovascular causes in DCI. In the USRDS
cohort, RAS, RAS+BB, and OTHER regimens were associated
with a 16%, 16%, and 14% lower risk of cardiovascular
mortality, respectively, compared with BB regimens (Table 2). In
DCI, direction of association was similar but did not reach
statistical significance (Table 3). Subgroup analyses in both
cohorts (Table S6, http://links.lww.com/MD/B526) showed
generally similar direction of association.
3.4. Cardiovascular hospitalizations or death (DCI-
medicare cohort only)

Among 7848 patients in the DCI-Medicare subcohort, there were
15,158 events which included up to 4 repeat cardiovascular
hospitalizations per patient and 1672 deaths (Table S7, http://
links.lww.com/MD/B526). In the final model, the risk of
hospitalization was not significantly lower with RAS regimens

http://links.lww.com/MD/B526
http://links.lww.com/MD/B526
http://links.lww.com/MD/B526
http://links.lww.com/MD/B526
http://links.lww.com/MD/B526


Table 2

Association of antihypertensivemedication regimenswith all-cause and cardiovascularmortality among incident hemodialysis patients of
the USRDS cohort (N=33,005).

Model 1
∗

Model 2 (+comorbidity)† Model 3 (+fully adjusted)‡

HR (95%CI) P HR (95%CI) P HR (95%CI) P

All-cause mortality: deaths: 9655
Any b-blocker regimen without RAS (BB) Ref Ref Ref
Any RAS regimen without b-blocker (RAS) 0.82 (0.76, 0.89) <0.001 0.89 (0.82, 0.96) 0.001 0.90 (0.82, 0.97) 0.006
b-Blocker+RAS combination (BB+RAS) 0.83 (0.78, 0.90) <0.001 0.84 (0.78, 0.90) <0.001 0.83 (0.77, 0.89) <0.001
Other medications and combinations (OTHER) 0.85 (0.78, 0.92) <0.001 0.91 (0.84, 0.99) 0.017 0.95 (0.87, 1.03) 0.171
Antihypertensives discontinued during follow-up (DC) 2.08 (1.97, 2.20) <0.001 2.06 (1.95, 2.18) <0.001 1.88 (1.77, 1.99) <0.001

Cardiovascular mortality: deaths: 4716
Any b-blocker regimen without RAS (BB) Ref Ref Ref
Any RAS regimen without b-blocker (RAS) 0.76 (0.68, 0.85) <0.001 0.83 (0.74, 0.93) <0.001 0.84 (0.75, 0.95) 0.003
b-Blocker+RAS combination (BB+RAS) 0.85 (0.77, 0.94) <0.001 0.84 (0.76, 0.93) <0.001 0.84 (0.75, 0.93) <0.001
Other medications and combinations (OTHER) 0.76 (0.68, 0.86) <0.001 0.84 (0.74, 0.94) 0.003 0.86 (0.76, 0.98) 0.016
Antihypertensives discontinued during follow-up (DC) 1.83 (1.68, 1.98) <0.001 1.81 (1.67, 1.96) <0.001 1.65 (1.52, 1.80) <0.001

BB=b-blocker containing regimens without an RAS drug, BB+RAS=both b-blocker and renin–angiotensin system blocking drugs-containing regimens, CI=confidence interval, DC=discontinued
medications group, HR=hazard ratio, OTHER= other antihypertensive regimens without b-blocker or renin–angiotensin system blocking drugs, RAS= renin–angiotensin system blocking drugs-containing
regimens without a b-blocker, USRDS=United States renal data system.
∗
Model 1: discrete time proportional hazard model (without inverse probability weighting) adjusting for baseline factors: age, sex, and race-ethnicity.

†Model 2: discrete time proportional hazard model (without inverse probability weighting) adjusting for model 1 plus following baseline factors: comorbidities (diabetes, cardiovascular disease, congestive heart
failure, chronic obstructive pulmonary disease, and comorbidity index), cause of end stage renal disease, insurance status, baseline body mass index, albumin, and hemoglobin.
‡Model 3: discrete time proportional hazard marginal structural model (inverse probability weighting) adjusting for baseline covariates in model 2 plus the following baseline and time varying factors: comorbidities
(diabetes, cardiovascular disease, congestive heart failure, chronic obstructive pulmonary disease, and comorbidity index).

Shafi et al. Medicine (2017) 96:5 www.md-journal.com
compared to BB regimens, overall, or in subgroups. However,
there were trends toward lower risk of hospitalization with RAS
regimens compared to BB regimens among Blacks, and among
those with CVD or diabetes at baseline.
3.5. Sensitivity analyses

The results were unchanged in unweighted models, after
truncation of inverse probability weights, and after restricting
the mortality analysis of the DCI cohort to only those patients
with Medicare claims (data not presented).
Table 3

Association of antihypertensive medication regimens with all-cause
patients of the DCI cohort.

Model 1
∗

HR (95%CI) P

All-cause mortality: deaths=3200
Any b-blocker regimen without RAS (BB) Ref
Any RAS regimen without b-blocker (RAS) 0.83 (0.73, 0.93) <0.0
b-Blocker+RAS combination (BB+RAS) 0.92 (0.83, 1.02) 0.0
Other medications and combinations (OTHER) 0.93 (0.82, 1.06) 0.2
Antihypertensives discontinued during follow-up (DC) 1.27 (1.05, 1.52) 0.0

Cardiovascular mortality: deaths=1598
Any b-blocker regimen without RAS (BB) Ref
Any RAS regimen without b-blocker (RAS) 0.82 (0.68, 0.98) 0.0
b-Blocker+RAS combination (BB+RAS) 0.93 (0.82, 1.06) 0.2
Other medications and combinations (OTHER) 0.90 (0.75, 1.08) 0.2
Antihypertensives discontinued during follow-up (DC) 1.13 (0.87, 1.47) 0.3

BB=b-blocker containing regimens without an RAS drug, BB+RAS=both b-blocker and renin–an
medications group, DCI=Dialysis Clinic, Inc., HR=hazard ratio, OTHER=other antihypertensive regime
blocking drugs-containing regimens without a b-blocker.
∗
Model 1: discrete time proportional hazards marginal structural model (inverse probability weighting) adjus

Baseline and time varying factors: systolic blood pressure, systolic blood pressure variability, relative vo
†Model 2: discrete time proportional hazards marginal structural model (inverse probability weighting) a
cardiovascular disease, congestive heart failure, chronic obstructive pulmonary disease, and comorbidit
‡Model 3: discrete time proportional hazards marginal structural model (inverse probability weighting) adj
varying factors – cardiovascular hospitalization, body mass index, dry weight attainment, adherence, an
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4. Discussion

In this comprehensive national study of US in-center hemodialy-
sis patients, we found that patients prescribed RAS regimens had
a lower risk of all-cause and cardiovascular mortality but
equivalent cardiovascular hospitalizations, when compared to
patients prescribed BB regimens. Our findings were robustly
consistent in full USRDS analyses incorporating only claims data,
and in more detailed analyses incorporating both claims and
detailed treatment-level clinical variables in DCI.
As a comparative effectiveness study representing real-world

medication use in 2 separate cohorts, our study suggests that
and cardiovascular mortality among 11,291 incident hemodialysis

Model 2 (+comorbidity)† Model 3 (+fully adjusted)‡

HR (95%CI) P HR (95%CI) P

Ref Ref
01 0.85 (0.75, 0.96) 0.005 0.87 (0.76, 0.98) 0.021
81 0.93 (0.84, 1.03) 0.172 0.92 (0.82, 1.02) 0.085
61 0.95 (0.84, 1.08) 0.41 0.98 (0.86, 1.11) 0.72
11 1.26 (1.04, 1.52) 0.015 1.28 (1.05, 1.55) 0.012

Ref Ref
24 0.85 (0.70, 1.02) 0.071 0.88 (0.71, 1.07) 0.181
8 0.96 (0.84, 1.09) 0.49 0.96 (0.83, 1.09) 0.49
6 0.94 (0.78, 1.13) 0.53 0.97 (0.80, 1.17) 0.71
6 1.14 (0.87, 1.50) 0.33 1.18 (0.89, 1.57) 0.24

giotensin system blocking drugs-containing regimens, CI=confidence interval, DC=discontinued
ns without b-blocker or renin–angiotensin system blocking drugs, RAS= renin–angiotensin system

ting for the following: baseline factors: age, sex, race-ethnicity, and cause of end-stage renal disease.
lume removed, and antihypertensive regimen in the prior month.
djusting for model 1 plus the following: baseline and time varying factors: comorbidities (diabetes,
y index).
usting for model 2 plus the following factors: baseline factors – insurance status; baseline and time-
d laboratory data (albumin, calcium–phosphorus product, hemoglobin, ferritin, and Kt/VUREA).
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renin–angiotensin system blocking agents may be preferred
antihypertensives in hemodialysis patients. However, our study
also contributes to the mixed evidence on the effectiveness of
antihypertensives among hemodialysis patients.[16] In prior trials
among hemodialysis patients, the b-blocker carvedilol and
angiotensin receptor antagonist telmisartan were demonstrated
to be beneficial in patients with cardiomyopathy.[37,38] However,
the angiotensin-converting enzyme inhibitor fosinopril did not
reduce cardiovascular outcomes in patients with left ventricular
hypertrophy.[39] More recently, a randomized trial comparing
b-blocker atenolol and angiotensin converting enzyme inhibitor
lisinopril in hemodialysis patients was stopped early due to higher
risk of the composite cardiovascular outcome in those treated
with lisinopril.[19] These findings of the lack of beneficial effects of
renin–angiotensin system blocking drugs in dialysis patients are
contradictory to numerous large clinical trials of antihyperten-
sives in the general population,[20,23] adding considerable
uncertainty to clinical practice.[4]

Larger scale clinical trials among dialysis patients are needed to
clarify uncertainty in clinical management of hypertension.[40]

However, given the expense and time required to conduct large
clinical trials, findings from rigorous observational analyses such
as ours, which attempted to model the complexity of real-world
treatment circumstances, may provide important insights to
inform future trials. For instance, our choice of comparator
antihypertensive treatment groups was driven not only by prior
evidence of potential effectiveness of both b-blocker and
renin–angiotensin system blocking drugs in CVD among the
general population[20,22,23] and dialysis patients,[17,18,41] but was
also driven by the frequency with which we observed these
combinations in practice.[6] We intentionally considered the
dynamic interplay of frequent changes in treatment regimens,[6]

changing comorbidities, and significant variability[10] in key
physiological variables (eg, BP and dry weight) in our analyses. If
future trials are to definitively corroborate or refute our findings
and inform clinical practice, they will need to capture these
influences on treatment strategies and outcomes. Excluding such
patients in future trials will render their results relatively
meaningless for the majority of hemodialysis patients.[25]

There are potential biological explanations for our findings.
b-Blockers and renin–angiotensin system blocking drugs may
have differential benefits beyond their BP lowering effects.[42,43]

Renin–angiotensin system blocking drugs confer effects on left
ventricular remodeling after myocardial infarction and other
vascular effects[44,45] that could influence outcomes. In the
general population, b-blockers have been implicated in worsen-
ing diabetes control and greater insulin resistance when
compared to other antihypertensives.[46–48] These effects may
be more pronounced among dialysis patients who have a very
high prevalence of diabetes and suffer higher rates of CVD. Lack
of benefit of b-blockers compared to other antihypertensives in
our study could also be explained by differential effects of
antihypertensives in the setting of altered calcification and
vascular biology that occurs in patients on hemodialysis.[49]

Our overall approach utilized important differences in USRDS
and DCI data to bolster our findings. For instance, claims data on
antihypertensives in USRDS reflect prescription fill rates more
closely than medications obtained from DCI medical records
(which may less accurately reflect patients’ actual medication use
than claims). In contrast, DCI data accounted for changes in
comorbidities, BP, volume status (including dry weight attain-
ment and volume removed), adherence with dialysis, and prior
antihypertensive use that could not be accounted for with claims.
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Although these analyses corroborated one another, we cannot
eliminate the concern that our observational study design may
not have fully addressed confounding by indication as it relates to
the use of b-blockers.[50–53] Specifically, providers may have been
driven in their prescribing by their judgment as to agents’ unique
physiological effects and patient characteristics, based on criteria
not well represented in our data.
Additional limitations of our study warrant consideration.

First, we restricted our population to patients surviving for at
least 180 days, limiting the generalizability of our findings to
hemodialysis patients who have survived to 6 months. We
deliberately chose this approach to better account for important
comorbidities that could heavily influence clinicians’ antihy-
pertensive prescription decisions. Second, as we used data from
dialysis clinical practice, data collection was not standardized
and cardiovascular outcomes were not adjudicated. We
recognize that BP measures obtained at the time of dialysis
may not reflect nondialysis BPs.[1,2,54] However, nephrologists
base their prescribing decisions on dialysis unit BP values.
Third, our approach, while improving comorbidity assessment,
precludes assessment of antihypertensive regimens in the early
period after dialysis initiation and other analyses such as the
impact of early versus later start of renin–angiotensin system
blocking drugs on outcomes. Fourth, RAS regimens may
increase serum potassium but we were not able to assess this
change as the USRDS cohort did not have follow-up laboratory
data, and both cohorts did not have data on 2 important
determinants of hyperkalemia in dialysis patients, dietary
intake, and residual kidney function. These limitations are
balanced by our meticulous analytic approach with compre-
hensive inclusion of multiple patient characteristics and
biological measures, the use of highly rigorous, prespecified
analytic methods, large sample size, and parallel analyses in 2
cohorts to allow replication of findings and improve generaliz-
ability to real-world clinical settings.
In conclusion, we found that renin–angiotensin system block-

ing drugs-containing regimens, prescribed in routine clinical
practice to hemodialysis patients, were associated with lower risk
of death, compared to b-blocker-containing regimens. However,
we found no difference in cardiovascular hospitalizations
between antihypertensive regimens. Our findings support the
conduct of carefully designed pragmatic clinical trials that
account for considerable complexity in the real-world treatment
of hypertension among these high-risk patients.
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