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Abstract

There is controversy regarding whether strict blood pressure control is indicated in chronic kidney
disease (CKD) since the primary results of randomized controlled trials failed to show any impact
on progression of kidney disease with this strategy. However, strict blood pressure control may
have other beneficial effects beyond reducing risk of end-stage renal disease (ESRD), such as
lowering mortality after ESRD onset. The Modification of Diet in Renal Disease (MDRD) trial
randomized 840 patients with CKD to strict (mean arterial pressure under 92 mm Hg) versus usual
(mean arterial pressure under 107 mm Hg) blood pressure control between 1989-1993. Here we
extended follow-up of study enrollees by linkage with United States Renal Data System and
National Death Index to ascertain ESRD and vital status through 2010. Overall, 627 patients
developed ESRD through 2010 with median follow-up of 19.3 years. After ESRD onset, there
were 142 deaths in the strict blood pressure arm and 182 deaths in the usual blood pressure arm
(significant unadjusted hazard ratio for death 0.72 (95% CI 0.58-0.89)). Overall, there were 212
deaths in the strict blood pressure control arm and 233 deaths in the usual arm (significant
unadjusted hazard ratio for death 0.82 (95% CI 0.68-0.98)). Thus, although strict blood pressure
control did not delay progression of CKD to ESRD, this strategy was associated with a lower risk
of death after ESRD. Hence, long-term post-ESRD outcomes should be considered when
formulating blood pressure targets for CKD.
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Introduction

Results

The tremendous morbidity and mortality suffered by end-stage renal disease (ESRD)
patients is well known, and the prevalence of ESRD is increasing worldwide.L 2 Given the
high mortality rate of patients with ESRD, it is disappointing that numerous interventions--
such as normalization of hematocrit,2 delivery of higher doses of dialysis,* ° use of high
flux hemodialysis membranes,? or use of calcimimetics®--have not improved mortality in
this population. The lack of demonstrated benefit from these interventions could be because
the underlying disease contributing to high mortality is already established by the time
patients reach ESRD. For example, three-quarters of incident dialysis patients are reported
to have left ventricular hypertrophy, a known independent risk factor for death in this
population.”

Even though CKD and ESRD are a continuum of the same disease, studies of CKD have
mostly tested the efficacy of various interventions in retarding progression towards ESRD
and not examined the potential long-term impact of CKD interventions on outcomes after
ESRD onset. Given the chronic and progressive nature of kidney disease, early interventions
could conceivably improve the overall health status and survival of patients with ESRD,
even if such early interventions fail to mitigate progression to ESRD.

In this study, we hypothesized that there would be lower risk of mortality after ESRD onset
among patients whose blood pressure (BP) was more strictly controlled during the CKD
phase of disease. To test this hypothesis, we extended follow-up of participants previously
enrolled in Modification of Diet in Renal Disease (MDRD), the first large randomized trial
of strict BP control in CKD, and focused on the effect of strict BP control on risk of death
after the onset of ESRD.8: 9

Long-term outcomes of study participants are shown in Figure 1. Median follow-up starting
from the time of randomization was 19.3 years. Of the 840 enrollees, 627 developed ESRD
on or before Dec 31, 2010 (Table 1 and Figure 1). There were 319 cases of ESRD in the
usual BP target arm (incidence 9.9 per 100 person-years) and 308 cases of ESRD in the
strict BP target arm (incidence 8.5 per 100 person-years). There was a tendency for patients
in the strict BP arm to have lower hazard of ESRD, but this was not statistically significant
(unadjusted Cox model hazard ratio [HR] of 0.86 [95% CI 0.73-1.001], p = 0.053).

Median follow-up time post-ESRD was 10.0 years. There were 182 deaths after ESRD onset
in the usual BP arm (6.1 deaths per 100 person-years) and 142 deaths after ESRD onset in
the strict BP arm (4.4 deaths per 100 person-years) (Figure 2a). In our primary analysis, the
patients randomized to strict BP during CKD had a lower risk of death after onset of ESRD
with unadjusted HR of 0.72 (95% CI 0.58-0.89, p = 0.003). Similar results were seen in our
confirmatory analysis starting the survival analysis at the time of ESRD onset (HR 0.74
[95% CI 0.59-0.92], p=0.008), adjusting for gender, race, baseline polycystic kidney
disease, baseline diabetes, and age at ESRD onset. The risk of death prior to ESRD onset
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was not statistically significantly different comparing strict to usual BP arms (HR 1.21 [95%
Cl10.85-1.74], p = 0.29).

When deaths were analyzed regardless of ESRD status, risk of death was lower among
participants randomized to strict BP control (HR 0.82 [95% CI 0.68-0.98], p=0.03, Figure
2b). In sensitivity analysis, this association persisted even with adjustment for baseline
demographic characteristics, diabetes, and polycystic kidney disease (HR 0.80 [95% CI
0.66-0.96], p =0.02). Similar trends were observed for all pre-specified subgroup analyses
(data not shown). Tests for interaction between BP arm and proteinuria (p = 0.57) or for
interaction between BP arm and GFR by study group (p = 0.60) failed to achieve statistical
significance. We also tested for interaction between low protein diet and strict BP
interventions (given 2x2 factorial design in MDRD) and found no evidence of interaction in
either Study A (p=0.47) or Study B (p=0.12), which is consistent with results of the parent
MDRD trial.

In exploratory analysis, our results were not affected by controlling for baseline ACE
inhibitor use (adjusted HR 0.73 [95% CI 0.59-0.91], p = 0.005). Transplants were evenly
distributed in the two blood pressure arms (Figure 1). Adjusting for transplant status as a
time-varying covariate did not attenuate the association between BP arm and risk of death
after ESRD (adjusted HR 0.70 [95% CI 0.56-0.87], p = 0.002). After correcting for potential
lead-time differences in ESRD onset, the HR of death post-ESRD remained lower in the
strict BP arm (HR 0.76 [95% CI 0.60-0.95], p = 0.02).

In the subset of patients who developed ESRD after 1995 with available data (N = 324,
52%), more patients assigned to the usual BP arm had heart failure (13.1% versus 5.3%, p =
0.02) and coronary artery disease (19.0% versus 8.2%, p=0.004) as registered on the
CMS-2728 form at the time of ESRD than patients in the strict BP arm (Table 2). No
differences were noted between the two arms in terms of other co-morbidities or laboratory
data. In this subset of patients, the HR for death comparing those randomized to strict versus
usual BP during CKD was 0.82 (95% CI 0.60-1.13, p = 0.23). After adjustment for coronary
artery disease and congestive heart failure, the HR was 1.02 (95% CI1 0.74-1.41, p = 0.91).

DISCUSSION

In this extended follow-up analysis of a randomized controlled trial, we found that strict BP
control during the CKD phase of disease was strongly associated with lower risk of all-cause
mortality after ESRD onset, even though we did not show that strict BP control delayed
progression toward ESRD. To our knowledge, few studies have examined the impact of
CKD interventions (including BP control) on post-ESRD outcomes. Virtually all studies of
incident ESRD patients to date--such as Dialysis Outcomes and Practice Patterns Study
(DOPPS) or Comprehensive Dialysis Study -- begin data collection at or after initiation of
dialysis and do not examine what transpired in the years prior to dialysis initiation.10-12
Conversely, studies enrolling patients with CKD (such as the African American Study of
Kidney Disease and Hypertension [AASK] or the original MDRD study) have generally
ended follow-up when ESRD develops, which precludes examination of post-ESRD
outcomes.? 13 To our knowledge, relating post-ESRD outcomes to interventions received
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during CKD is a relatively novel paradigm in the study of kidney disease that may shed new
light on disease pathogenesis.

Our long-term follow-up results regarding reno-protection are consistent with the results of
the original MDRD trial and other randomized controlled trials of strict BP control in CKD,
including AASK and REIN-2, all of which showed no benefit of strict BP control in
retarding progression towards ESRD.13:14 We also found no difference in deaths prior to
ESRD onset, which is in agreement with the results of previous studies.3: 1> Qur results
differ from those of a previous analysis of risk of ESRD and death (prior to ESRD) among
MDRD participants during extended follow-up through the end of 2000, but our current
study incorporates significantly more follow-up time.1® The main feature that distinguishes
the current analysis from prior literature is the innovative focus on risk of death post-ESRD.

Based largely on the results of trials such as MDRD, AASK, and REIN-2, the Joint National
Committee (JNC) guideline panel recently concluded that there is “no benefit in slowing the
progression of kidney disease from treatment with antihypertensive drug therapy to a lower
BP goal (below 130/80)” and “the evidence is insufficient to determine if there is a benefit
in mortality, or cardiovascular or cerebro-vascular health outcomes ... to a lower BP

goal.” 1616 Accordingly, the updated guidelines liberalized the BP target from 130/80 mm
Hg to 140/90 mmHg among patients with CKD.16 However, perhaps end-points other than
retarding CKD progression should be taken into account when formulating guidelines for
BP targets for patients with CKD. Other outcomes such as post-ESRD mortality should be
considered, as strict BP control may offer a mortality benefit after ESRD onset, even if it
does not delay CKD progression.

The strength of our study lies in the large number of “hard outcomes,” including both ESRD
and deaths during our extended follow-up period. We believe that our approach to studying
the long-term impact of an intervention delivered during the CKD phase of disease is
relatively novel. Prior studies that have extended follow-up of CKD patients enrolled in
interventional trials have not focused on post-ESRD outcomes.1® Another strength of this
study is the use of a randomized controlled trial cohort to study the effect of strict BP
control, which reduces bias from unmeasured confounders. Demonstrating a similar
association between strict BP control during the CKD phase of disease and reduced
mortality post-ESRD in the context of observational studies would be less powerful, given
the potential for confounding by imbalances in factors such as differential access to health
care, health literacy, and adherence.

A limitation in our study is the lack of data on BP control post-trial closure. However, BP
separation between the two arms would likely have diminished after the trial ended, which
would have biased our results towards the null. The duration of active intervention was
relatively short in the parent MDRD trial compared with the duration of our extended
follow-up period. However, the long-term impact of trial interventions has been
demonstrated in other contexts.8 15 17-20

We explored whether the benefit of strict BP control during CKD may be mediated by a
reduction in cardiovascular disease at the time of ESRD onset. We found a significantly
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higher prevalence of coronary artery disease (CAD) and congestive heart failure (CHF)
reported at the time of ESRD onset among patients randomized to the usual BP arm as
compared to the strict BP arm. The lower rate of reported CAD and CHF in the subset of
patients with available data who were previously exposed to strict BP control suggests that
reduction in clinical and subclinical cardiovascular disease may be a potential mediator of
the lower mortality rates seen post-ESRD. In the subset of patients with available co-
morbidities, adjustment for CAD and CHF at the time of ESRD onset appeared to attenuate
the association between strict BP control and risk of death post-ESRD, although our ability
to evaluate mediation was limited by wide confidence intervals. We were underpowered due
to missing data prior to 1995. The CMS-2728 form has been shown to have variable
sensitivity but good specificity for the identification of co-morbidities, 2% 22 but this lack of
sensitivity should be non-differential with respect to previous MDRD BP arm assignment.

In conclusion, we found a long-term post-ESRD mortality benefit to a strict (<130/80 mm
Hg) BP target in patients with CKD during extended follow up of previous MDRD
enrollees. This finding, and whether lower post-ESRD mortality stems from improved
overall cardiovascular health at incident ESRD, will require further study and confirmation
in other settings such as AASK. Our results may not generalize to the entire CKD
population, given the unique characteristics of the MDRD cohort, which included primarily
Caucasian patients with a high prevalence of polycystic kidney disease and
glomerulonephritis as the cause of kidney disease and high rates of transplant and survival
post-ESRD. Nevertheless, these data suggest that trials with longer follow-up are needed to
understand and assess the potential impact and benefit of interventions implemented during
CKD phase of disease.

Blood pressure intervention in MDRD

MDRD was a large 2x2 factorial design randomized controlled trial of the effect of strict BP
control and dietary protein restriction on the progression of CKD. Details of the study design
and results have been previously published.®

Briefly, between 1989 and 1993, CKD patients between 18-70 years of age with GFR 13-
55 mL/min/1.73 m2 were randomized to either strict or usual BP control. Study A included
585 patients with GFR between 13 and < 24.5 mL/min/1.73 mZ; Study B included 255
patients with GFR between 24.5-55 mL/min/1.73 m2. The baseline characteristics of
patients in the MDRD study have been previously described and were balanced in terms of
demographic characteristics and co-morbidities (Table 1).2 15 Strict BP control was defined
as a target mean arterial pressure (MAP) < 92 mm Hg (corresponds to 125/75 mm Hg) for
participants less than 61 years of age and a target MAP < 98 mm Hg (corresponds to 135/80
mm Hg) for participants 61 years or older. Usual BP control was defined as a target MAP
<107 mm Hg (corresponds to 140/90 mm Hg) for participants less than 61 years of age and a
target MAP <113 mm Hg (corresponds to 160/90 mm Hg) for participants 61 years or
older.® Angiotensin-converting enzyme (ACE) inhibitors with or without diuretics were
encouraged as first-line anti-hypertensive agents. The mean difference in systolic, diastolic,
and mean arterial pressures between groups was 7.6 mm Hg, 3.8 mm Hg, and 5.1 mm Hg,
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respectively, between month four and the end of follow-up (median follow-up 2.2 years).1>
At trial closure, no specific BP targets were recommended, and data on long-term BP
control after trial closure are not available.

Study A participants were also randomized to a usual (1 g/kg) versus low protein diet (0.6
g/kg) and Study B participants were randomized to a low protein diet (0.6 g/kg) versus very-
low protein diet (0.28 g/kg), with keto-acid and amino acid supplementation during the
parent trial.

Our primary outcome of interest was all-cause mortality after ESRD onset in patients
previously randomized to strict versus usual BP control. The parent MDRD trial ended in
January of 1993. We performed linkage with the United States Renal Data System
(USRDS), the national ESRD registry, and the National Death Index (NDI), which compiles
death certificate data, to extend ascertainment of ESRD and vital status, respectively,
through December 31, 2010. ESRD was defined as receipt of chronic dialysis or kidney
transplant. Patients were administratively censored if they were alive as of December 31,
2010, the most recent year of USRDS data available at the time of study performance. The
USRDS and NDI have been validated previously as accurate data sources for ESRD onset
and death dates, respectively.1% 21.23-25 |nstjtutional review board approval was obtained
for data linkage and analysis.

Ascertainment of cardiovascular disease status at ESRD onset

Statistical

One plausible patho-physiologic mechanism for the long-term benefit of strict BP control
during CKD on long-term outcomes is reduction of cardiovascular disease burden at
incident ESRD. Thus we compared patient co-morbidities recorded in the USRDS database
at the time of ESRD onset using the Centers for Medicare and Medicaid (CMS) Medical
Evidence (2728) form between the two arms. The CMS-2728 form is typically signed by an
attending nephrologist attesting patients’ ESRD status. Data on co-morbidities were
available only for the subset of MDRD enrollees who developed ESRD after 1995 (N=324),
as the version of the Medical Evidence form used before 1995 did not capture data on co-
morbidities at incident ESRD. Co-morbid conditions tend to be reported with high
specificity but intermediate sensitivity for cardiovascular disease on the CMS-2728 form.22

analysis

We tested for differences between patient characteristics at the time of randomization and at
ESRD onset using Student’s t-test, x2, or Fisher’s exact test as appropriate. To preserve the
original randomization scheme, all primary analyses were conducted in an intention-to-treat
fashion. The primary outcome--all-cause mortality post-ESRD--was assessed by BP arm
assignment using ESRD as a time-dependent covariate in an unadjusted Cox model of death
starting at the time of randomization. In sensitivity analysis, we also adjusted for baseline
age, gender, race, baseline polycystic kidney disease and baseline diabetes in analyzing the
effect of BP control on death using a Cox model starting at the time of randomization.
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We confirmed the results of our primary analysis by assessing all-cause mortality post-
ESRD with a Cox model starting the analysis at the time of ESRD onset. Given the potential
for imbalances in characteristics at the time of ESRD onset, we adjusted this analysis for
gender, race, baseline polycystic kidney disease, baseline diabetes, and age at ESRD onset.
Additionally, we examined risk of death over the entire follow-up period regardless of
ESRD status. We pre-specified two subgroup analyses, including stratification by GFR
above or below 24.5 mL/min/1.73 m2 (Study A and B cutoffs from parent trial) and by
proteinuria as a continuous variable as defined at the time of randomization.® 26 We tested
for interactions between BP arm assignment and GFR or proteinuria. Given that MDRD was
a 2x2 factorial study that tested the effect of strict BP control and low protein diet, we also
tested for interaction between BP and dietary intervention by study group in an unadjusted
Cox model.

Finally, we conducted a series of exploratory analyses. Given the slight imbalance in ACE
inhibitor use in the two randomized arms at baseline,® we repeated our analysis with
adjustment for baseline ACE inhibitor use. To explore whether differences in rates of
transplant accounted for any differences in post-ESRD survival, we adjusted for transplant
status as a time-varying covariate. We also explored whether differences in post-ESRD
survival were mediated by cardiovascular disease burden at the time of ESRD onset in the
subset of patients with co-morbidities available on the CMS-2728 form by adjusting for the
presence of cardiovascular disease.

We noted a trend towards earlier ESRD onset in the usual BP arm that did not reach
statistical significance. To assess whether our results remained robust after correction for
any potential lead-time differences in ESRD onset, we performed an analysis in which we
separately ranked patients in the strict and usual BP arms from shortest to longest time to
ESRD onset. We then added the difference between ESRD onset time for equally ranked
participants in the two arms to the actual observed ESRD date for participants in the usual
BP arm in order to correct for the potential lead-time in ESRD onset. Thus, among
participants in the usual BP arm, we reclassified some post-ESRD deaths and person-years
of follow up as pre-ESRD deaths and person-years of follow-up. We then repeated our
primary analysis using the lead-time corrected data. All analyses were performed using Stata
13.
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Figure 1.
Distribution of ESRD cases and death by BP study arm assignment.

* Number with one or more kidney transplant
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Figure 2.
Risk of death during long-term extended follow-up of MDRD ftrial participants

Kidney Int. Author manuscript; available in PMC 2015 November 01.

Page 11



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Ku et al.

Table 1

Characteristics of MDRD at baseline and at ESRD onset

Characteristics Strict Blood Usual Blood
Pressure Pressure
N =432 N =408

At time of

randomization

Age (y) (£ SD) 51.5+12.6 52.0+12.2

(mL/min/1.73 m2)

Men 267 (61.8%) 241 (59.1%)
African American 34 (7.9%) 32 (7.8%)
Diabetes 23 (5.3%) 20 (4.9%)
Glomerular filtration rate 327121 323x119

Median proteinuria (g/d)
(interquartile range)

0.33(0.07, 1.5)

0.32 (0.07,1.5)

Cause of CKD

Polycystic kidney 106 (24.5%) 94 (23.0%)
disease

Glomerulonephritis 134 (31.0%) 130 (31.9%)

Other 192 (44.4%) 184 (45.1%)
Angiotensin-converting 163 (37.7%) 139 (34.1%)
enzyme inhibitor use
At ESRD onset N =308 N =319 P-value
Age (y) 55.8 +13.9 56.8 + 13.0 0.33
Male 189 (61.4%) 191 (59.9%) 0.70
African American 23 (7.5%) 28 (8.8%) 0.55
Preemptive Transplant 44 (14.3%) 39 (12.2%) 0.45
Cause of CKD

Polycystic kidney 93 (30.2%) 94 (29.5%) 0.96
disease

Glomerulonephritis 99 (32.1%) 106 (33.2%)

Other 116 (37.7%) 119 (37.3%)
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Characteristics at ESRD onset in the subset of patients with available data according to the Medical Evidence

Table 2
form

Characteristics Strict Blood | Usual Blood | P-value

Pressure Pressure

N=171 N=153
Co-morbidities
Congestive heart failure 9 (5.3%) 20 (13.1%) 0.02
Coronary artery disease 14 (8.2%) 29 (19.0%) 0.004
Diabetes 19 (11.1%) | 19 (12.4%) 0.72
Cerebrovascular Disease 4 (2.3%) 7 (4.6%) 0.36
Hypertension 139 (81.3%) | 131 (85.6%) 0.30
Laboratory data
Albumin? (g/dL) (+ SD) 37+06 37+06 0.78
Hemoglobin? (g/dL) (+SD) | 10.6+15 10318 021

1 . .
For albumin, N = 133 for strict blood pressure arm and N = 122 for usual blood pressure arm

2 . .
For hemoglobin, N = 145 for strict blood pressure arm and N = 133 for usual blood pressure arm
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