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and number of switches in exposure status) and with pro-
pensity adjustment.  Results:  Current cardioprotective med-
ication exposure status as compared to not exposed was as-
sociated with lower adjusted hazard ratios (AHRs) for mortal-
ity, though the magnitude depended upon the proportion 
of prior weeks with medication (duration) and the number 
of switches between active and non-active use (switches) 
(AHR range 0.54–0.90). Combined CVD-endpoints depend-
ed upon the proportion of weeks on medication: AHR = 1.18 
for 10% and AHR = 0.90 for 90% of weeks. Combined CVD-
endpoint was also lower for patients with fewer switches. 
 Conclusions:  Effectiveness depends not only on having a 
drug available but is tempered by duration and stability of 
use, likely reflecting variation in clinical stability and patient 
behavior.  © 2014 S. Karger AG, Basel 
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 Abstract 

  Background/Aims:  Our understanding of the effectiveness 
of cardioprotective medications in maintenance dialysis pa-
tients is based upon drug exposures assessed at a single 
point in time. We employed a novel, time-dependent ap-
proach to modeling medication use over time to examine 
outcomes in a large national cohort.  Methods:  We linked 
Medicaid prescription claims with United States Renal Data 
System registry data and Medicare claims for 52,922 hyper-
tensive maintenance dialysis patients. All-cause mortality 
and a combined cardiovascular disease (CVD)-endpoint 
were modeled as functions of exposure to cardioprotective 
antihypertensive medications (renin angiotensin system an-
tagonists, β-adrenergic blockers, and calcium channel block-
ers) measured with three time-dependent covariates (week-
ly exposure status, proportion of prior weeks with exposure, 
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 Background/Aims 

 Hypertension and cardiovascular diseases are com-
mon in end-stage renal disease (ESRD) patients on dialy-
sis and have an important adverse impact on morbidity 
and mortality  [1, 2] . Despite a strong clinical rationale to 
preferentially prescribe antihypertensive agents with car-
dioprotective properties (renin angiotensin system an-
tagonists, β-adrenergic blockers, and calcium channel 
blockers) in this population, the benefits of these agents 
have only rigorously been shown in the non-dialysis pop-
ulation  [3–15] . Persons on maintenance dialysis have 
been excluded from nearly all large-scale clinical trials  [5, 
16–18] , although a handful of trials that have been con-
ducted in maintenance dialysis patients suggest some lev-
el of efficacy, though in the presence of publication bias 
 [19, 20] . The publication of a recent randomized clinical 
trial comparing atenolol to lisinopril patients on mainte-
nance dialysis with low ejection fraction signals contin-
ued need for clinical understanding in this area  [21] .

  Previous observational studies examining the effec-
tiveness of these medications in maintenance dialysis co-
horts  [22–36]  have a number of shortcomings  [22] . Most 
did not adjust for non-random treatment assignment. 
Additionally, medication use was documented at a single 
point in time with potentially several years of follow-up, 
failing to account for actual drug exposure over time. Giv-
en the clinical instability of dialysis patients, it is likely 
that many subjects experience a more variable pattern of 
medication exposure over time.

  In order to better model the complexity of medication 
exposure over time, we developed a novel set of time-de-
pendent medication exposure metrics that captured con-
temporaneous use, cumulative use up to that point in 
time, and the number of changes in exposure status to 
date. We hypothesized that use of medications from these 
three classes would be associated with reduced all-cause 
mortality and cardiovascular endpoints. However, we 
also hypothesized that those associations would be tem-
pered by each of three aforementioned dimensions of 
longitudinal exposure, with stronger effects seen for those 
with higher continuous exposure, fewer switches, and re-
maining actively on the medications.

  Methods 

 Study Design 
 We conducted a retrospective cohort study of incident main-

tenance dialysis patients with hypertension, tracking their longi-
tudinal exposure to cardioprotective antihypertensive medica-

tions [e.g. angiotensin-converting enzyme inhibitors (ACEIs) and 
angiotensin receptor blockers (ARBs), β-adrenergic blockers 
(β-blockers), and calcium channel blockers (CCBs)] and assessing 
their outcomes for up to 6 years (2000–2005). Outcomes were all-
cause mortality (ACM) and a combined cardiovascular disease 
endpoint (CVD-endpoint). We applied both propensity score ad-
justment and time-dependent modeling of medication exposure 
to determine the effectiveness of ACEIs/ARBs, β-blockers, and 
CCBs in reducing outcome events in patients on maintenance di-
alysis.

  Participants 
 The cohort consisted of newly dialyzing, adult ( ≥ 18 years), du-

ally-eligible (Medicaid and Medicare) subjects matched against the 
United State Renal Data System (USRDS). Medicaid is a state-fed-
eral program that provides healthcare insurance for persons with 
low incomes in the United States: Medicare is a federal program 
that provides healthcare insurance for persons with ESRD and old-
er adults in the United States. We used the dually eligible so as to 
track prescription medication exposure provided through Medic-
aid coverage (outpatient prescription medications were not cov-
ered under Medicare during this period). The USRDS, a national 
registry of maintenance dialysis patients, matched Medicaid ben-
eficiaries against their core files to identify dual eligibles on main-
tenance dialysis and provided us a common linking variable across 
datasets  [37] .

  To assure complete observation of cohort, we instituted sev-
eral criteria. First, we limited the study population to persons en-
rolled in a single state’s Medicaid, fee-for-service program. Pa-
tients with coverage through the Veterans Administration and 
subjects who had previously been transplanted but were returning 
to maintenance dialysis were excluded. Persons who had received 
a transplant, died, or were not continuously eligible for Medicare 
and Medicaid during the first 90 days on dialysis were excluded. 
Persons who did not fill any prescriptions during the first 90 days 
were excluded; this lack of prescriptions was thought to reflect the 
Medicaid’s spend-down requirements. Ohio residents were ex-
cluded since their claims do not include the days supplied of med-
ication. We also excluded persons who were institutionalized dur-
ing their entire follow-up period, were missing multiple data fields 
from their CMS 2728, and/or did not have hypertension docu-
mented on the CMS 2728.

  The observation window began immediately following a 90-
day run-in period. We considered the 91st day after initiating di-
alysis as the first day of observation in our cohort. Subsequently, 
subjects were followed until they incurred a first outcome event 
(death or combined CVD-endpoint) and were censored at the time 
they lost Medicare or Medicaid eligibility, were transplanted, or 
reached the end of the observation window (12/31/2005).

  Data Sources 
 We obtained data from the USRDS and the Centers for Medi-

care and Medicaid Services (CMS). From CMS, we obtained Med-
icaid Analytic eXtract (MAX) Personal Summary Files as well as 
the final action prescription drug claims files (2000–2005). The 
USRDS provided several files including their Core CD with base-
line registry data collected from the CMS 2728 Medical Evidence 
Form along with data on payer status mortality, and Medicare 
Parts A (hospital) and B (physician) claims.
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  Covariate Measures 
 The USRDS Core CD included information documented upon 

initiation of maintenance dialysis through the CMS 2728 Medical 
Evidence Form. From this form, we ascertained baseline demo-
graphic and behavioral risk variables: age, sex, and race by ethnic-
ity, employment, smoking and substance abuse, functional status 
(ability to ambulate and ability to transfer), body mass index 
(BMI), and major comorbidities. We also used a measure of dis-
ease burden, called the modified Liu Comorbidity Index in devel-
opment of the propensity score  [38] : this index combines baseline 
comorbidities from the CMS 2728 with diagnosis codes recorded 
in Medicare Part A and Part B claims and has been validated in the 
context of survival prediction with similar performance to the 
Charlson score  [38] . We modified Liu’s comorbidity score by re-
ducing the claims period from 270 to 90 days so as to identify an 
expanded set of baseline conditions (cerebrovascular accident, pe-
ripheral vascular disease, other cardiac disease, chronic obstruc-
tive pulmonary disease, gastrointestinal disease, liver disease, can-
cer, and heart failure)  [37] . The presence of individual conditions 
was weighted as outlined in the original scoring  [38] . Finally, base-
line dialysis modality was categorized as in-center hemodialysis 
(HD) or home dialysis [home HD or peritoneal dialysis (PD)] at 
initiation. 

  Medication Exposure 
 We characterized medication exposure from Medicaid pre-

scription drug claims which detail the National Drug Code 
(NDC), the date filled, and day’s supply of medication dispensed 
across the window of observation. We linked NDC codes to indi-
vidual β-blockers, ACEI/ARBs, and CCBs whether in single or 
combined products (drug names available upon request). The 
longitudinal exposure measures involved taking each date a study 
medication was dispensed (prescription claim) and creating a data 
array for day-by-day availability after the date of dispensing based 
upon day’s supply. We adjusted for early refills (>1 week from ex-
pected date for refill), outlier values, and hospital and skilled nurs-
ing facility days, as medications are acquired and administered 
through the institutional service and would not result in an out-
patient drug claim. We repeated this process characterizing expo-
sure to any drug from one of the three classes, as prescribers often 
switch from one class to another. The combined measure captures 
exposure to a β-blocker, ACEI/ARB, or CCB during this day-by-
day data array. As a means of validating our exposure-outcome 
models, we also included levothyroxine exposure as an ‘inert’ 
medication unlikely to improve survival or cardiovascular out-
comes  [39] .

  We subsequently modeled medication exposure with three 
time-dependent variables tracked on a weekly basis: exposure sta-
tus (on/off) during the week based on at least 1 day in the week 
with medication, proportion of preceding weeks with drug expo-
sure, and the cumulative number of switches between exposed and 
unexposed status (on-to-off or off-to-on) across the preceding 
weeks.

  Outcomes 
 ACM was ascertained from the USRDS Core CD, which speci-

fies the date and cause of death. In addition, we created a combined 
CVD-endpoint, capturing the first event per person. Cardiovascu-
lar-related morbidity was defined as an inpatient hospitalization 
(Medicare Part A claims) for myocardial infarction ( International 

Classification of Diseases Version 9, ICD9 , codes: 410.x0, 410.x1), 
ischemic heart disease (411.xx), revascularization ( ICD9  proce-
dure codes 36.xx except 36.9), congestive heart failure (CHF) (428.
xx, 402.x1, 404.x1, or 404.x3), cerebrovascular accident (433.xx, 
434.xx, 435.x), or peripheral vascular disease (PVD) (440.2–4, 
443.1, 443.81, 443.9, 444.2x, 444.81, 445.0x). Cardiac-related mor-
tality was derived from the USRDS listed cause of death (myocar-
dial infarction, atherosclerotic heart disease, cardiomyopathy, car-
diac arrhythmia, cardiac arrest, cerebrovascular accidents)  [27] . 
Outcome events were quantified as to occurrence and time to 
event or censoring.

  Statistical Analyses 
 We first adjusted for propensity to be a user for the combined 

drug class exposure. Propensity scores were derived using predict-
ed probabilities from unconditional logistic regression models us-
ing baseline CMS 2728 measures (age, sex, and race by ethnicity, 
employment, smoking and substance abuse, functional status, 
BMI) and the modified Liu comorbidity index. Propensity models 
initially included main effects only, and based on the Hosmer-
Lemeshow lack-of-fit test, were modified to include all possible 
higher-order interactions until the lack-of-fit test was no longer 
rejected. The propensity score was then used as an adjustor in sub-
sequent models.

  To investigate effectiveness, we fit time-dependent Cox regres-
sion models to identify separately the covariates (including the 
propensity score) associated with mortality and combined CVD-
endpoint. A priori, interactions between these three time-depen-
dent measures were assumed to reflect the pathway of mortality or 
morbidity benefits conferred by medication usage, if any. Specifi-
cally, this allowed us the potential to evaluate overall medication 
effectiveness as a function of varying medication usage patterns 
between patients. To evaluate the statistical significance of such 
interactions, we started with a full three-way interaction model 
between these time-dependent measures subsequently reducing 
the models to their most parsimonious analogs. Exponentiation of 
the parameter estimates obtained from these models using appro-
priate contrast statements allowed us to calculate the hazard ratios 
for evaluating medication effectiveness as a function of these time-
dependent measures.

  For covariates other than those associated with medication 
exposure (non-time-dependent), Cox proportionality assump-
tions were ascertained using standard goodness-of-fit tests. Sta-
tistical significance was inferred when p < 0.01. All statistical 
analyses were done with SAS 9.2 (SAS Institute, Inc., www.sas.
com). We present results for the combined drug classes for the 
time-dependent models in the paper: individual classes results 
are in an attached supplement. The parameter estimates from the 
individual drug classes were quite similar to the combined analy-
sis.

  Compliance and Research Participant Protection 
 The research protocol was approved by the institutional review 

board at the University of Kansas Medical Center (KUMC). Data 
Use Agreements between KUMC and the USRDS and CMS per-
mitted the data linking across the USRDS, Medicare and Medicaid 
files.
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  Results 

 Characteristics of the Analytic Cohort 
 Steps in the data linking and cohort construction re-

sulted in 52,922 incident maintenance dialysis patients 
with hypertension (online suppl. fig. S1; see www.
karger.com/doi/10.1159/000365255 for all online suppl. 
material). The cohort had an average age of 61.2 ± 15.3 
years and included more females (58.0%) than males ( ta-
ble 1 ). African-Americans were the predominant racial/
ethnic group (42.2%), followed by Caucasians (33.9%), 
and Hispanics (17.6%). Only 2.3% were employed. Just 
over half of the cohort (52.1%) had diabetes as the pri-
mary cause for renal failure, followed by hypertension 

(30.0%). CHF was present in 35.0%, coronary artery dis-
ease (CAD) in 25.1%, and 11.4% had a history of a CVA. 
Most received in-center HD. The final cohort was quite 
comparable to the initial dually eligible, observable co-
hort (n = 84,670) across baseline characteristics (table 
available upon request).

  The majority of the cohort (89.9%) was exposed to at 
least one of the cardioprotective medications ( table  1 ). 
Rates for the individual classes were 61.2% for ACEI/
ARB, 64.1% for β-blockers, and 65.0% for CCBs. The 
mean follow-up time was 1.6 years. Just over one third 
(36.6%) of the cohort died during follow-up; cardiac-re-
lated causes accounted for 44.3% of the deaths. The com-
bined CVD-endpoint occurred in 48.3% of the cohort. 

 Number (%) of  cases 52,922 (100)
Age, years 61.2 ± 15.3
Sex, n (%)

Female 30,708 (58.0)
Male 22,214 (42.0)

Race/ethnicity, n (%)
African-American 22,350 (42.2)
Caucasian 17,945 (33.9)
Hispanic 9,299 (17.6)
Other 3,328 (6.3)

BMI category, n (%)
<20 5,264 (10.0)
20 – 24.9 15,338 (29.0)
25 – 29.9 14,029 (26.5)
30+ 17,622 (33.3)
Missing 669 (1.3)

Smoker, n (%)
Yes 3,597 (6.8)
No 49,325 (93.2)

Substance abuser, n (%)
Yes 1,509 (2.9)
No 51,413 (97.1)

Unemployed, n (%)
Yes 51,720 (97.7)
No 1,202 (2.3)

Unable to ambulate, n (%)
Yes 2,886 (5.5)
No 50,036 (94.5)

Unable to transfer, n (%)
Yes 976 (1.8)
No 51,946 (98.2)

Cause of ESRD, n (%)
Diabetes 27,570 (52.1)
Hypertension 15,853 (30.0)
Glomerulonephritis 3,789 (7.2)
Other 5,710 (10.8)

Comorbidities
Diabetes, n (%)

Yes 33,253 (62.8)
No 19,669 (37.2)

Congestive heart failure, n (%)
Yes 18,519 (35.0)
No 34,403 (65.0)

Coronary artery disease, n (%)
Yes 13,261 (25.1)
No 39,661 (74.9)

Peripheral vascular disease, n (%)
Yes 7,967 (15.0)
No 44,955 (85.0)

Cerebrovascular accident, n (%)
Yes 6,022 (11.4)
No 46,900 (88.6)

Dialysis type, n (%)
In-center hemodialysis 50,318 (95.1)
Self-care hemodialysis or perito-

neal dialysis 2,604 (4.9)
Medication exposure, n (%)

ACEI/ARB 32,410 (61.2)
β-Blocker 33,915 (64.1)
CCB 34,383 (65.0)
Any of the above cardioprotective 

medications
47,592 (89.9)

Days of follow-up
Mean (SD) 592.4 (506)
Median (range) 454 (1 – 2,102)

Mortality, n (%)
All-cause 19,384 (36.6)
Cardiac-related 8,583 (44.3)

Cardiovascular morbidity-mortality event, n (%)
Yes 25,540 (48.3)
No 27,382 (51.7)

 Table 1.  Descriptive characteristics of the incident, Medicare-Medicaid eligible maintenance dialysis patients with hypertension initiat-
ing dialysis January 2000–October 2005
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The distribution of cardiac hospitalizations consisted of 
CHF (53.2%), CAD (20.1%), CVA (14.9%), and PVD 
(11.9%). CVD deaths were mostly cardiac arrest (54.2%) 
followed by CAD (21.4%), CVA (9.8%), arrhythmia 
(8.6%), and cardiomyopathy (6.0%).

  Statistical Models 
 In the time-dependent model of combined drug class 

exposure ( table 2 ), mortality was lower among non-Cau-
casians, persons with higher BMIs, and those who were 
employed. Conversely, smokers, substance abusers and 
persons who had impaired ability to ambulate or transfer 
had higher mortality risks. All selected comorbidities 
were associated with higher mortality, the strongest ef-
fects being seen in persons with CHF, diabetes, and prior 
CVA.

  With respect to the time-dependent drug effects in the 
ACM model, we found a significant three-way interac-

tion between the drug exposure measures, which we have 
depicted in the form of a three-dimensional graph ( fig. 1 ). 
Blue-shaded areas indicate regions of benefit, with darker 
blue signaling higher benefit: red-shaded areas indicate 
regions of poor outcomes or increased risk for mortality, 
also with darker colors indicating the worst effects. Across 
the entirety of the space, persons who were actively on 
drug had lower hazards for mortality as compared to their 
peers. The degree of benefit, however, depended upon 
their cumulative exposure and the number of switches 
between on and off drug they had. For individuals who 
were currently on any of the agents, had only one switch, 
and had 90% of their weeks on an agent, their adjusted 
hazard ratio (AHR) was 0.560 (99% CI 0.515–0.608). As 
one looks across the graph, one sees that an increasing 
number of switches was generally associated with less ef-
fectiveness shown by increasingly reddened areas, except 
for the cases in which the percent of weeks exposed was 

 Table 2.  AHRs for baseline factors associated with mortality and combined CVD-endpoint across exposure to 
any of the selected antihypertensive agents, time-dependent modeling of exposures1

All-cause mortality  Combined CVD-endpoint

AHR 99% CI AH R 99% CI

Age, per year 1.029 1.027 – 1.031 1.014 1.012 – 1.015
Female sex 0.979 0.939 – 1.021 1.037 1.000 – 1.075
Race/ethnicity

Caucasian 1.0 – 1.0 –
African-American 0.773 0.731 – 0.817 0.856 0.813 – 0.901
Hispanic 0.673 0.631 – 0.718 0.861 0.814 – 0.912
Other 0.570 0.520 – 0.625 0.736 0.679 – 0.798

BMI category
<20 1.258 1.182 – 1.338 1.043 0.982 – 1.108
20 – 24.9 1.0 – 1.0
25 – 29.9 0.838 0.797 – 0.881 0.950 0.909 – 0.992
30+ 0.744 0.707 – 0.782 0.893 0.855 – 0.933
Missing BMI 0.888 0.750 – 1.051 1.009 0.870 – 1.169

Smoker 1.156 1.070 – 1.249 1.144 1.070 – 1.223
Substance abuser 1.193 1.056 – 1.348 1.058 0.951 – 1.177
Employed 0.635 0.511 – 0.790 0.940 0.821 – 1.077
Inability to ambulate 1.306 1.197 – 1.425 0.969 0.888 – 1.057
Inability to transfer 1.208 1.058 – 1.380 1.042 0.905 – 1.199
Comorbidities

Diabetes 1.198 1.141 – 1.258 1.228 1.175 – 1.283
Congestive heart failure 1.231 1.183 – 1.282 1.301 1.256 – 1.348
Coronary artery disease 1.102 1.054 – 1.153 1.259 1.209 – 1.311
Cerebrovascular accident 1.174 1.112 – 1.239 1.069 1.016 – 1.124
Peripheral vascular disease 1.066 1.013 – 1.121 1.094 1.045 – 1.145

Propensity score 0.964 0.905 – 1.027 0.994 0.940 – 1.052
Self-care dialysis 1.023 0.933 – 1.123 0.923 0.853 – 1.000

1 Drug effects shown separately (see suppl. table 3).
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relatively high (i.e. >50%). For example, for persons who 
had drug exposure for 50% of their weeks of observation, 
AHRs rose from 0.614 to 0.686 as switches increased from 
1 to a maximum of 10. Moving from higher to lower cu-
mulative exposure, there was evidence of reduced effec-
tiveness across the graph, e.g. moving from blue to red. 
For instance, individuals who experienced five switches 
had AHRs that dropped from 0.766 at 10% exposure 
compared to 0.543 at 90% exposure. Overall, the use of 
any of the three drug classes appeared effective in reduc-
ing mortality. The inclusion of levothyroxine exposure 
was not statistically significant: this suggests that our 
modeling approach is not simply subject to the measure-
ment of exposure over time (results for individual classes 
are provided in the online suppl. tables S2–S4).

  In the combined CVD-endpoint model, similar results 
were seen for the various covariates ( table  2 ). For in-
stance, non-Caucasians and persons with higher BMIs 
still had lower risks for the outcomes, but the effect sizes 
were muted when compared to the mortality model. 
Smoking remained significant, but the other covariates 

were no longer significant. Diabetes, CHF, and CAD were 
the three main comorbidities significantly associated 
with the combined CVD-endpoint.

  The impact of time-dependent drug exposure on com-
bined CVD-endpoint was captured by a two-way interac-
tion between percent of preceding weeks with drug and 
being an active versus non-active user of the medication: 
the three-way interaction was not significant. In compar-
ing active users (on) to non-active users (off), the hazard 
rates for a poorer outcome were higher when subjects had 
40% or fewer of their prior weeks on drug ranging from 
1.07 up to 1.18 (red shades in  fig. 2 ). Since switches did 
not interact significantly, the resulting figure is a flat 
plane in three-dimensional space. When exposure ex-
ceeded 90% of their time, however, benefits accrued as 
evidenced by the AHR = 0.90 (99% CI 0.84–0.97) and as 
shaded in blue in  figure 2 . There was a second two-way 
interaction between percentage of weeks with medica-
tions and number of switches. Across the spectrum, high-
er percentages of weeks of cumulative drug exposure led 
to better outcomes as compared to lower percentages, 
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  Fig. 1.  Graphical representation of three-
way interaction showing AHRs ACM for 
persons using compared to those not using 
selected antihypertensive agents in a given 
week. HR_ABCs_ACM = AHR for ACM 
based upon exposure to renin angiotensin 
system antagonists, β-adrenergic blockers, 
and/or calcium channel blockers (ABCs). 
Three-way interaction terms include (1) 
exposed compared to not exposed to select-
ed antihypertensive in a given week, (2) 
proportion of prior weeks exposed (cumu-
lative exposure %), and (3) number of 
switches between exposed and not exposed 
weeks. Red depicts higher hazard ratios 
(>1.0), while blue depicts lower hazard ra-
tios (<1.0). 
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though the benefits of cumulative weekly exposure were 
reduced for persons who had more switches. As with the 
mortality model, the inclusion of levothyroxine exposure 
was not statistically significant (results for individual 
classes are provided in the online suppl. tables S2, S5–S7).

  Discussion 

 Our research objective was to determine whether car-
dioprotective medications were used effectively to reduce 
mortality and morbidity in persons on maintenance di-
alysis with hypertension using novel time-dependent 
medication exposure measures and adjusting for con-
founding by indication using propensity scores. In gen-
eral, exposure to cardioprotective medications was asso-
ciated with lower ACM. The complexity of the time-de-
pendent modeling precludes a single-point estimate for 
effectiveness for either outcome, but across a wide range 
of exposure and switching measures, most persons ac-

tively and consistently taking one of these medications 
were less likely to die when compared to their peers not 
actively using these medications. The three time-depen-
dent measures of drug exposure represent different com-
ponents of medication use that warrant further discus-
sion. First, we modeled each week during a person’s win-
dow of observation as to whether or not, based upon refill 
patterns, they had access to the medication(s) during that 
week (the on/off variable). The advantage of this ap-
proach is that we captured exposure contemporaneously 
to the event, an important clinical concept. This week-by-
week exposure is subject to some degree of misclassifica-
tion since most prescriptions are dispensed on a monthly 
basis and the medication could have been discontinued 
before the week’s indicator was turned to off. Persons 
who are off medication may be off their medication either 
by their own initiative (non-adherence) or because of a 
prescriber recommendation (medication discontinua-
tion or hold). Holding of doses due to low blood pressure 
around the dialysis session may result in the accumula-
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  Fig. 2.  Graphical representation of two-
way interaction showing AHRs for com-
bined CVD-endpoint for persons using 
compared to those not using selected anti-
hypertensive agents in a given week. HR_
CombinedCVDEndpoint = AHRs for 
combined CVD-endpoint based upon ex-
posure to renin angiotensin system antago-
nists, β-adrenergic blockers, and/or calci-
um channel blockers. Two-way interaction 
terms include (1) exposed compared to not 
exposed to selected antihypertensive in a 
given week and (2) proportion of prior 
weeks exposed (cumulative exposure %). 
Switches were not significant but indicate 
the number of switches between exposed 
and not exposed weeks. Red depicts higher 
hazard ratios (>1.0), while blue depicts 
lower hazard ratios (<1.0). 
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tion of doses in the patient’s home, but these would be 
smoothed out over a period of refills if patients refill when 
their bottles are nearly empty. Off time may also be high-
er for individuals who are near the end of life and forego-
ing further interventions, and as such, they would be 
more likely to die. We did explore this possible phenom-
enon but did not see a substantial decline in exposure 
during the last 12 weeks of life for those who died. Still, 
this may partially account for the larger effect size for 
ACM as compared to cardiovascular events.

  The second component of the time-dependent expo-
sure measure was the percentage of previous weeks for 
which the person had a prescription (on weeks). This 
measure essentially captures the cumulative level of expo-
sure during the window of observation: however, it was 
only quantitatively different for different levels of the oth-
er two time-dependent measures. As was seen in our 
models, a higher percentage of time with drug exposure 
was associated with greater benefits, for mortality and, to 
a lesser extent, morbidity outcomes. From a clinical phar-
macology perspective, one might expect that there would 
need to be a minimum period of exposure to produce 
therapeutic response. In fact, for the combined CVD-
endpoint model, benefits did not accrue until individuals 
had at least 90% of their time on the medication, and at 
lower percentages of exposure, the use of these drugs was 
associated with slightly increased risks. In the ACM mod-
el, at any level of drug exposure as captured by the per-
centage of weeks on drug, being on the drug was associ-
ated with reduced mortality, with higher benefits accrued 
at higher exposure levels. Given that the underlying com-
parison is with persons not on the drug in the given week, 
this measure arguably may be capturing a longer-term 
phenomenon.

  The results of the time-dependent models also varied 
across the number of switches (week-by-week changes 
from on-to-off or off-to-on). In the ACM model, increas-
ing numbers of switches were generally associated with 
lower degrees of benefit at lower percentages of weeks. At 
higher percentages of weeks with drug, the number of 
switches did not influence the effectiveness estimates 
quite as strongly. As with on/off status and the percentage 
of weeks with medication, switches collectively reflect pa-
tient and prescriber decisions. We argue that higher 
switch rates reflect more unstable patients, either clini-
cally (e.g. hold/restart medications) and/or behaviorally 
(e.g. more non-adherent), and so apparent benefits might 
be lessened. In the case of the combined CVD-endpoint 
model, there were larger risk reductions in persons with 
fewer switches, consistent with the ACM model.

  It is important to consider several limitations to this 
observational study. First, we did not have access to ac-
tual blood pressure measures and other potentially im-
portant confounders. We used propensity score adjust-
ment in the outcome models to help balance measured 
confounders, but it is widely known that this approach is 
limited in its ability to account for unmeasured con-
founding. Our results reflect the use of these medications 
in clinical practice (e.g. assumes that clinicians are adjust-
ing, holding, and discontinuing medications in response 
to contemporary changes in blood pressure) and, as such, 
should not be considered absolute measures of medica-
tion efficacy. Next, we relied on the CMS 2728 dialysis 
intake form to determine comorbidities, including hyper-
tension  [40] . This form has been shown to have good sen-
sitivity and specificity for most but not all major comor-
bidities  [41] . While patients may have acquired hyperten-
sion after the initiation of dialysis, it is unlikely that it 
would have resolved after starting it. While we were able 
to track medications over time, the presence of a claim for 
medication dispensation does not mean consumption. 
Those not actively on one of the medications may well 
have suffered an adverse event necessitating the termina-
tion of active treatment. We did not account for patients 
who may have voluntarily withdrawn dialysis and/or 
moved to hospice care. For these individuals, exposure 
based upon refills patterns may have been overstated, e.g. 
patients had medications they were no longer consuming. 
Although the data cover a time period preceding the im-
plementation of the Medicare Part D drug benefit, the 
therapeutic options within the three drug classes have not 
changed substantively. The advantage of our slightly old-
er data is that we have avoided misclassification biases 
that would result from USD 4 prescriptions and missing 
drug claims experienced during the coverage gap. Finally, 
we studied only dually eligible maintenance dialysis pa-
tients, which may decrease our ability to generalize find-
ings to the US dialysis population as a whole.

  We did not examine all classes of antihypertensives, 
e.g. diuretics and vasodilators. Our goal was to study an-
tihypertensive medications with ostensible cardioprotec-
tive properties, and nearly 90% of the cohort had expo-
sure to one of the classes during their follow-up period. 
This collective grouping of cardioprotective medications 
in the context of hypertension misses important oppor-
tunities for more direct analyses of specific patient risk 
groups. For instance, the recently published trial compar-
ing atenolol to lisinopril in the context of HD patients 
with left ventricular hypertrophy and hypertension was 
terminated early due to significant differences in out-
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comes across the treatment arms  [21] . We are actively 
pursuing within-class comparisons to identify potential 
targets for subsequent head-to-head trials.

  Prior observational studies have suggested that cardio-
protective medications offer mortality benefits for pa-
tients on maintenance dialysis  [22–36] , though these 
studies generally had less rigorous adjustments for poten-
tial selection bias and their data preceded widespread use 
of cardioprotective medications in maintenance dialysis 
patients. We developed and tested a novel set of three 
measures designed to characterize medication exposure 
over time. These measures collectively reflect current use, 
cumulative use, and stability of use over time. Based upon 
our results, current clinical practice with respect to car-
dioprotective medication use in maintenance dialysis pa-
tients is associated with reductions in mortality and mor-
bidity. Using a new approach to capturing medication 
exposure over time, we demonstrated that effectiveness 
depends not only on having a drug available but is tem-
pered by patients’ patterns of drug use. These patterns 
likely reflect prescriber and patient behaviors, but gener-
ally support the continued use of cardioprotective medi-
cations in maintenance dialysis patients.
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