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Abstract

Background—Blood pressure (BP) is often inadequately controlled in patients with chronic
kidney disease (CKD). Previous reports of the longitudinal association between achieved level of
BP and end-stage renal disease (ESRD) have not incorporated time-updated BP with appropriate
adjustment for known confounders.

Objective—To assess the association between baseline and time-updated systolic BP (SBP) with
the progression of CKD.

Design—oObservational, prospective cohort study (ClinicalTrials.gov identifier: NCT00304148)
Setting—Seven US clinical centers

Patients—Participants of the Chronic Renal Insufficiency Cohort (CRIC) Study (N=3,708)
followed for a median (25%, 75t percentiles) of 5.7 (4.6, 6.7) years

Measurements—The mean of three seated SBP measurements were used as the visit-specific
SBP. SBP was time-updated as the mean of that visit and all prior visits. Outcomes were ESRD
and the composite renal endpoint of ESRD (dialysis or transplantation) or halving of the estimated
glomerular filtration rate (eGFR). Analyses investigating baseline and time-updated SBP utilized
traditional Cox proportional hazards models and marginal structural models, respectively.

Results—SBP was =130 mmHg at all study visits in 19.2% of participants, and =140 mmHg in
10.6%. The hazard ratio (95% confidence interval) for ESRD among participants with SBP 130-
139 mmHg, compared to SBP <120 mmHg, was 1.46 (1.13-1.88) using only baseline data, and
was 2.37 (1.48-3.80) using all available time-updated data. Among those with SBP =140 mmHg,
corresponding hazard ratios were 1.46 (1.18-1.88) and 3.37 (2.26-5.03), respectively.
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Limitations—SBP was measured once annually, and the CRIC Study cohort is not a random
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sample.

Conclusions—Among participants in the CRIC Study, time-updated SBP over 130 mmHg was
more strongly associated with progression of CKD than analyses based on baseline SBP.

Funding—The CRIC Study is funded under cooperative agreements from the National Institute
of Diabetes and Digestive and Kidney Diseases, Clinical Translational Science Awards, and other
NIH grants.

INTRODUCTION

Hypertension is common in patients with chronic kidney disease (CKD (1). Observational
studies (2,3) and clinical trials (4-7) provide compelling evidence of the association between
elevated blood pressure (BP) and progression of CKD though clinical trial data are
inconsistent and may suggest a plateau of effect once BP is lowered <140/90 mmHg.

The 2003 Seventh Report of the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure (JNC 7) specified a BP target of <130/80
mmHg for individuals with CKD or diabetes compared to a BP target of <140/90 mmHg in
other hypertensive populations (8). However, the paucity of high quality evidence to support
this lower target BP for patients with CKD, especially those without proteinuria and those
with diabetes, has led the INC 8, Kidney Disease Improving Global Outcomes (KDIGO),
and American Diabetes Association to raise BP targets for patients with CKD to <140/90
mmHg (9-11).

Clinical trials and observational studies continue to inform our understanding of the
association between BP level and CKD progression - each from an important vantage point.
Intention-to-treat analyses from clinical trials provide evidence of the efficacy of anti-
hypertensive therapies including BP targets, but in selected study populations eligible for
and willing to participate in experimental research. By contrast, analyses of achieved BP
from observational studies provide the unique opportunity to study associations of BP with
clinical outcomes among a broader, more representative population. Further, when these
latter studies take advantage of BP measured over time, they can characterize the
longitudinal pattern of hypertension. Importantly, these longitudinal, observational studies
also provide a more robust assessment of associations with outcomes than do analyses
examining relations to a single measure of BP that may attenuate with extended follow-up.

The goal of the current study was to compare the association between BP level and CKD
progression utilizing baseline and time-updated BP measurements in CRIC Study
participants, independent of other important time-updated factors. We hypothesized that
elevated BP would be associated with more rapid progression of CKD and that the
association between baseline levels of BP and kidney disease progression would understate
this relation compared to updated BP levels.

Ann Intern Med. Author manuscript; available in PMC 2015 August 17.
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METHODS

Study Design and Population

The Chronic Renal Insufficiency Cohort (CRIC) Study enrolled a total of 3,939 men and
women with mild to moderate CKD between June 2003 and August 2008 at seven clinical
centers in the United States (Ann Arbor/Detroit, MI; Baltimore, MD; Chicago, IL;
Cleveland, OH; New Orleans, LA, Philadelphia, PA; and Oakland, CA). Study participants
(45% women; 42% black; 13% Hispanic; 48% with diabetes mellitus) were followed at
annual clinic visits where data were obtained, blood pressure was measured, and blood and
urine specimens were collected. Details on study design and baseline participant
characteristics were previously published (12-14). Study participants provided written
informed consent and the study protocol was approved by institutional review boards at each
of the clinical centers.

Inclusion/Exclusion Criteria

Participants were eligible for the CRIC Study if they were between 21 and 74 years of age
and met the following age-specific eGFR criteria: 2070 mL/min/1.73m? for individuals
aged 21-44 years, 20-60 mL/min/1.73m? for individuals aged 45-64 years, and 20-50
mL/min/1.73m? for individuals aged 65-74 years. Individuals with prior dialysis (>1
month), NYHA Class I11/1V heart failure, polycystic kidney disease, or other primary kidney
diseases requiring active immunosuppression were excluded from participation. A total of
3,708 participants were included in the present analysis after excluding participants with
missing baseline BP (N=1), urine protein (N=197), and other covariate data (N=33).

Data Collection

Main Predictor—At each annual in-person clinic visit, three seated BP measurements
were obtained using a Tycos Classic hand aneroid cuff and sphygmomanometer following a
standardized protocol. The mean of all BP measurements were used as the BP values for that
visit. Time-updated mean BP measurements averaged the mean seated BP at any given visit
and those from all prior visits. The current analysis examined baseline and time-updated
mean SBP continuously per 10 mmHg increase, and by four SBP categories (<120
(referent), 120-129, 130-139, and =140 mmHg) to evaluate the association of BP with CKD
progression.

Outcomes and Censoring Events—Two measures of CKD progression were studied;
development of ESRD and a composite endpoint of ESRD or halving of eGFR from
baseline. ESRD was defined as receipt of maintenance dialysis or a kidney transplant and
was ascertained primarily through self-report. Information collected on ESRD by study
investigators was supplemented by the United States Renal Data System (USRDS).
Estimated GFR was calculated from serum creatinine and cystatin C using a CRIC Study
equation (15). Time to eGFR halving was imputed assuming a linear decline in kidney
function between in-person annual visit measures (16). Participants’ follow-up was censored
at time of death (N=389 for ESRD analyses), withdrawal (N=146), loss to follow-up
(N=171), or the end of the follow-up period, whichever occurred first. Deaths were
ascertained from next of kin, death certificates, obituaries, reviews of hospital records, and
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linkage with the Social Security Death Master File. Outcomes were ascertained from study
entry through March 2011.

Covariates—Participants self-reported information on socio-demographics (age, sex, race/
ethnicity, education level), and history of cardiovascular disease at baseline and medication
usage at baseline and follow-up study visits. Race/ethnicity was categorized as non-Hispanic
white, non-Hispanic black, Hispanic, or other. Self-reported history of any cardiovascular
disease at baseline included prior myocardial infarction, coronary revascularization, heart
failure, stroke, or peripheral arterial disease. Cardiovascular events throughout follow-up
were adjudicated by two physician reviewers. At each study visit, participants were queried
about any medication usage in the prior 30 days. All anti-hypertensive medications were
categorized into drug classes, and the total number of anti-hypertensive drug classes was
calculated. Hypertension awareness was determined by a positive response to the question,
“Has a doctor or other health professional ever told you / told you since your last CRIC visit
that you have hypertension or high blood pressure?” Anthropometric measures were
assessed using standardized protocols. Body mass index (BMI) was derived as weight in kg
divided by height in meters squared. Serum creatinine was measured by an enzymatic
method (www.orthoclinical.com) through October 2008 and by the Jaffe method
(www.beckmancoulter.com) thereafter, and standardized to isotope dilution mass
spectrometry-traceable values (17,18). Serum cystatin C was measured using a particle-
enhanced immunonephelometric assay on the Siemens BN™ 11 System (www.siemens.com).
Urine total protein and creatinine, and plasma glucose were also measured using standard
assays. Protein-to-creatinine ratios from 24-hour and spot urine specimens were very highly
correlated (p=0.96), and as such, were used interchangeably. Diabetes mellitus was defined
as a fasting glucose >6.99 mmol/L (126 mg/dL), a non-fasting glucose >11.10 mmol/L (200
mg/dL), or use of insulin or other medications for glycemic control.

Statistical Analysis

Summary statistics and distributions of all BP variables were generated. Maximum
differences in follow-up SBP levels from baseline were summarized using four categories of
absolute differences (<10, 10-<20, 20—<30, and =30 mmHg). Study variables were
described overall and across baseline SBP categories (<120 mmHg, 120-139 mmHg, and
=140 mmHg) using mean and standard deviation for continuous variables, and frequency
and proportion for categorical variables. Differences in characteristics across SBP categories
were compared using ANOVA and chi-square tests, as appropriate. Elevated SBP for each
study participant was characterized in three ways, as the percentage of study visits with a
SBP level 2120, 2130, and =140 mmHg. Crude rates and 95% confidence intervals of ESRD
and the composite renal endpoint were calculated overall and within levels of baseline SBP.

The association of baseline SBP with renal endpoints was examined using traditional Cox
proportional hazards models with adjustment for baseline age, sex, race/ethnicity, education
level, history of cardiovascular disease, number of anti-hypertensive medication drug classes
taken, use of an angiotensin-converting enzyme (ACE) inhibitor or angiotensin receptor
blocker (ARB), hypertension awareness, BMI, diabetes, level of eGFR, and urine protein-to-
creatinine ratio. Adjustment for eGFR and urine protein-to-creatinine ratio included
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quadratic spline terms. To examine the potential impact of death as a competing risk, rather
than a censoring event, competing risk sensitivity analyses of baseline SBP on renal
endpoints were conducted using the STCRREG command in Stata/MP 13.1 (StataCorp LP,
College Station, TX). To assess the relationship between time-updated SBP and outcomes,
analytical approaches such as marginal structural models (MSMs) are needed that control
for the challenges created by the fact that changing level of kidney function is potentially
both a consequence and a cause of elevated BP (i.e., time-updated kidney function is a time-
dependent confounder) (19-21). MSM was utilized with time-updated SBP data and
adjustment for the same covariates as the baseline SBP models (see appendix). All
covariates with the exception of sex, race/ethnicity, education level, and hypertension
awareness were time-updated. Hazards ratios and 95% confidence intervals were reported
for all models. SBP was modeled in terms of hazard ratios per 10 mmHg increase and also
across discrete categories (<120, 120-129, 130-139, and 2140 mmHg). Hazard ratio
estimates depicted in Table 2 using MSM and categorical SBP should be interpreted as the
risk of the renal endpoint for someone whose mean SBP across study visits was always in
that BP category. Additional examples of hazard ratios associated with an SBP history that
included some proportion of the study period with mean SBP across different SBP
categories were also calculated by weighting the regression coefficients for each of the SBP
categories according to the percentage of the study period SBP fell within each of the
categories. We calculated the cumulative incidence of ESRD over follow-up in four
different hypothetical scenarios using the MSM models in which we assumed all
participants followed the same SBP history (i.e., SBP always <120, 120-129, 130-139, and
>140 mmHg; see appendix) (22,23).

We explored effect modification by an a priori selected set of baseline characteristics
including age (<55 and =55 years), sex, race/ethnicity, diabetes status, level of kidney
function (eGFR <45 and =45 mL/min/1.73m?2), urine protein-creatinine ratio (<0.25 and
>0.25 mg/mmol), and use of ACE/ARBs and calcium channel blockers. Stratified analyses
of the hazard ratio of the composite renal endpoint per 10 mmHg increase in time-updated
SBP using MSM across these variables were reported. All analyses with the exception of
competing risk models were performed using SAS 9.3 (SAS Institute, Cary, NC) utilizing
the PHREG and GENMOD procedures for baseline and time-updated analyses, respectively.

The CRIC Study is funded under cooperative agreements from the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK), Clinical Translational Science
Awards, and other NIH grants. NIDDK partnered with the CRIC Steering Committee in the
design, conduct, and analysis of the study and approved the submission of the manuscript
for publication.

At study entry, study participants had a mean SBP of 128.1 mmHg, a mean age of 58.4
years, a mean BMI of 32.1 kg/m2, a mean eGFR of 45.0 mL/min/1.73m2, and a mean urine
protein-creatinine ratio of 1.1 mg/mmol (Table 1). In addition, most (91.8%) of the

Ann Intern Med. Author manuscript; available in PMC 2015 August 17.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson et al.

Page 7

participants reported use of at least one anti-hypertensive medication, about two-thirds
(68.7%) reported use of either an ACE or ARB, and on average they were prescribed 2 to 3
anti-hypertensive medication classes.

The median (25™, 75! percentiles) duration of follow-up was 5.7 (4.6, 6.7) years. The
within-participant mean SBP over time ranged from 74 to 218 mmHg (mean (SD): 128.6
(19.1)). Variability of time-updated SBP from baseline was within 10, 10-<20, 20-<30, and
>30 mmHg for 24.8%, 25.8%, 22.7%, and 26.7% of participants, respectively. A total of
33.1%, 19.2%, and 10.6% of the participants, respectively, had SBP at or above 120, 130,
and 140 mmHg at all of their study visits.

Over follow-up, 699 participants developed ESRD and 921 reached the composite renal
endpoint (event rates: 38.0 and 59.9 per 1,000 person-years, respectively; Figure 1). Event
rates were substantially higher at higher levels of baseline SBP. Figure 2 depicts the
estimated cumulative incidence of ESRD across time-updated SBP categories. After five
years of follow-up the estimated cumulative incidence of ESRD among those with time-
updated SBP between 130-139 and =140 mmHg was 28.3% and 35.4% compared to 15.0%
and 14.0% among those with SBP <120 and 120-129 mmHg.

After multivariable adjustment, each 10 mmHg increase in baseline compared to time-
updated SBP was significantly associated with a 9% compared to a 26% higher rate of
ESRD, and an 11% compared to 25% higher rate of the composite renal endpoint,
respectively (Table 2). Analyses of baseline and time-updated mean BP using diastolic BP,
mean arterial pressure, and pulse pressure yielded similar results (data not shown).
Participants with baseline SBP >130 mmHg had significantly increased risk for renal
endpoints compared to those whose baseline SBP was below 120 mmHg. Hazard ratios from
sensitivity analyses of baseline SBP treating death as a competing risk, rather than a
censoring event, were only slightly attenuated and demonstrated similar patterns to the
primary analyses. Participants always having a mean time-updated SBP 130-139 or =140
mmHg had a 2.4- to nearly 4-fold higher rate of the renal endpoints compared to those with
mean SBP <120 mmHg (reference group; Table 2). Participants with mean time-updated
SBP falling within 130-139 mmHg for half of the study period and =140 mmHg for the
remaining half of the study period had a 2.8-fold higher rate of ESRD compared to those
mean SBP was always <120 mmHg (data not shown). Additionally, those with mean SBP
between 120-129, 130-139, and =140 mmHg, each for one-third of their study period, had
1.9-fold increased rates of ESRD compared to the reference group.

The strength of the association between SBP and the composite renal endpoint using time-
updated SBP did not differ significantly across subgroups stratified on age, sex, race/
ethnicity, diabetes, baseline eGFR, proteinuria, or anti-hypertensive medication usage
(Figure 3).

DISCUSSION

We investigated and compared the association between elevated BP and CKD progression
utilizing baseline and time-updated SBP with appropriate adjustment for time-updated

Ann Intern Med. Author manuscript; available in PMC 2015 August 17.
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covariates in a well-characterized cohort with mild to moderate CKD. Our analyses of
baseline BP on renal endpoints were similar in magnitude to prior reports (2,3). As we had
hypothesized, we demonstrated a stronger association between achieved BP and renal
endpoints using time-updated SBP and marginal structural analysis with appropriate
handling of time-dependent confounding. In particular, we observed a 2.6-fold increased
risk of the composite renal endpoint for those whose mean SBP across study visits was
always 130-139 mmHg compared to <120 mmHg. Our findings underscore that prolonged
exposure to SBP =130 mmHg among those with and without proteinuria and with and
without diabetes is associated with important increases in the risk of CKD progression.

Achieved BP analyses to-date are highly consistent in demonstrating a graded increase in
renal events associated with higher BP (2,3,24,25). Indeed, an achieved BP analysis of data
from the African-American Study of Kidney Disease and Hypertension (AASK), but not its
original intention-to-treat analysis, recapitulated previous achieved BP findings (26).
However, these achieved BP analyses typically report associations substantially lower in
magnitude compared to our MSM findings with time-updated SBP. We postulate that the
disparate findings may reflect methodological shortcomings of previous work. First, most
earlier studies relied on BP measurements from a single time point. This is an important
limitation given the variability of BP over time, especially in the setting of CKD. These
analyses investigated risk based on snapshots of BP exposure and are unable to relate
prolonged BP history to outcomes. Second, reports utilizing time-updated BP used
traditional statistical modeling techniques (i.e., time-updated Cox regression) that
inadequately adjusted for eGFR over time given its role in this setting as a time-dependent
confounder (24-26). Lastly, several key confounders including proteinuria were often not
adjusted for or were inadequately characterized, thus potentially introducing meaningful
residual confounding. The current study is the first to our knowledge to report, in an
unbiased fashion, the impact of a history of elevated, achieved BP on CKD progression.

Within clinical trials, varying targets for optimal BP control have been used and inconsistent
findings have been reported (4—7,29-35). Additionally, these studies have reported
differential effects of BP lowering across subgroups with and without diabetes, and with and
without proteinuria. In an attempt to address the variability in findings from clinical trials,
recent meta-analyses of pharmacologic clinical trials of intensive BP lowering have been
performed. The first, primarily in persons with non-diabetic CKD, concluded that intensive
BP lowering significantly reduced risk of CKD progression, but only among those with
proteinuria (27). The second meta-analysis among persons with diabetes demonstrated
reductions in the level of proteinuria, but not in the rate of CKD progression (28). These
analyses of intention-to-treat data from clinical trials conflict with many of the findings from
the current achieved BP analysis — namely that “lower” levels of SBP beginning at 130
mmHg are associated with increased risk for CKD progression among all subgroups. These
differences likely arise from several factors including the fundamental differences in
questions addressed by intention-to-treat versus achieved BP analyses, differing study
populations, varying success across subgroups in reaching lower BP goals in clinical trials,
and potentially residual confounding in our achieved BP analyses. Additional large clinical
trials such as the Systolic Blood Pressure Intervention Trial (SPRINT) should further
elucidate the impact of BP lowering on important outcomes including kidney outcomes,
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especially if analyses include both intention-to-treat and achieved BP analyses using MSM
or similar methods.

Our study had a number of positive features. The CRIC Study is a large, multi-center,
prospective study of mild to moderate CKD including similar proportions of those with and
without diabetes. The study population is comprised of a diverse population of men and
women, non-Hispanic whites, non-Hispanic blacks and Hispanics, with a wide age range,
and broad set of underlying causes of CKD. CRIC participant retention is excellent (90%
retained and actively under study as of the Year 5 visit), and linkage with USRDS and
national death databases maximizes capture of primary study endpoints. Extensive annual
data collection included standardized measurement of BP, kidney function, proteinuria, and
numerous other relevant factors. BP measurements were performed by highly trained
research personnel in triplicate. As such, CRIC BP data are likely more accurate than
regularly acquired office measurements. There are also important limitations. First, we
measured BP only once each year which may not accurately reflect BP levels over the entire
year and may have resulted in misclassification of our key exposure. Second, we lacked data
on some potentially important unmeasured confounders such as duration of hypertension or
BP levels prior to enrollment into the study, and adherence to anti-hypertensive therapies.
Third, data on anti-hypertensive medication use were self-reported and reflected only the 30
days preceding any study visit, which could have led to misclassification of this important
time-varying exposure. Fourth, we may have lacked power to detect significant effect
modification by level of proteinuria because of the relatively low levels of protein excretion
among the majority of CRIC Study participants. Finally, the observational (non-randomized)
design of our study precludes definitive determination of optimal target level of BP for CKD
patients.

The current study confirmed previous reports from observational studies of the relationship
between a single (baseline) elevated measure of BP and a higher rate of renal endpoints.
However, utilization of time-updated BP with appropriate adjustment for updated covariates
revealed a considerably larger magnitude of association between elevated SBP and CKD
progression — a previously unreported finding. This study also suggests that prolonged
exposure to SBP over 130 mmHg may portend increased risk for progressive loss of kidney
function among persons with CKD regardless of diabetes or proteinuria status. The
relevance of these findings for clinical practice guidelines must be assessed within the
context of existing and emerging evidence from other observational and interventional
studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Crude event rates (95% confidence intervals) of ESRD and the renal composite endpoint of
ESRD or halving of eGFR from baseline, overall and by level of SBP at baseline in the

Chronic Renal Insufficiency Cohort (CRIC) Study.

Abbreviations: eGFR — estimated glomerular filtration rate; ESRD — end-stage renal disease;

p-y — person-years; SBP — systolic blood pressure.
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Figure 2.

Estimated cumulative incidence of ESRD across categories of time-updated SBP among
participants of the Chronic Renal Insufficiency Cohort (CRIC) Study.
Abbreviations: ESRD — end-stage renal disease; SBP — systolic blood pressure.
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EXE A0S P-value for
Subgroup N {95% CI) per 1,000 terection Hazard Ratio (95% CI)
person-years
Overall 3,708 509 (56.1-636) ——
Ages55 1,146 765 (68.8-842) 074
Age > 55 2,562 52.8(486-57 1) bl
Men 2,026 66.1(608-715) 021 ——
Women 1,682 525(473-51.7) —
NH Black 1,548 759(69.3.825) 020 —l—
NH White 1585 348(306-390) =
No Diabetes 1,926 358(319.39.7) 0863 ——
Diabetes 1,782 916 (84.7-98.6) —a—
eGFR > 45 1,699 216(184-247) 048  —
eGFR =45 2,009 102.1 (95.2-109.1) bl
Urine PCR= 025 2034 15.1(126-17.5) 031 o
Urine PCR > 0.25 1674 136.3 {127 4-1452) ——
No ACE/ARB 1.159 53.1(46.8-595) 0.90 —_—
ACE/ARB 2549 62.9(583-676) e
No Ca Channel Blocker 2,203 459(41.7-501) 054 ————
Ca Channel Blocker 1,505 §23(753-893) _ —— _ :
o 09 10 11 12 13 14 15 16
Higher risk of ESRD | eGFR halving i

Figure 3.
Forest plot of crude event rates (95% confidence intervals) and multivariable-adjusted

hazard ratios per 10 mmHg increase in mean SBP over time on development of ESRD or
halving of eGFR overall and by subgroups using marginal structural models.

Stratified by clinical center, and adjusted for age, gender, race/ethnicity, education level,
history of cardiovascular disease, number of anti-hypertensive medication drug classes
taken, use of an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker,
hypertension awareness, BMI, diabetes, level of eGFR, urine protein-to-creatinine ratio and
study time;

Abbreviations: ACE — angiotensin converting enzyme inhibitor; ARB — angiotensin receptor
blocker; Ca — calcium; CI — confidence interval; eGFR — estimated glomerular filtration rate;
ESRD - end-stage renal disease; NH — non-Hispanic; PCR — protein-to-creatinine ratio; SBP
—systolic blood pressure.

Age units: years; eGFR units: mL/min/1.73m2; PCR units: mg/mmol.
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