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Abstract

Studies of hemodialysis patients have shown a U-shaped association between systolic blood
pressure (SBP) and mortality. These studies have largely relied on dialysis-unit SBP measures and
have not evaluated whether this U-shape also exists in advanced chronic kidney disease (CKD),
prior to starting hemodialysis. We determined the association between SBP and mortality at
advanced CKD and again after initiation of hemodialysis. This was a prospective study of Chronic
Renal Insufficiency Cohort (CRIC) participants with advanced CKD followed through initiation of
hemodialysis. We studied the association between SBP and mortality when participants: 1) had an
estimated glomerular filtration rate <30 ml/min/1.73m?2 (N=1,705); 2) initiated hemodialysis and
had dialysis-unit SBP measures (N=403) and; 3) initiated hemodialysis and had out-of-dialysis-
unit SBP measured at a CRIC study visit (N=326). Cox models adjusted for demographics,
cardiovascular risk factors and dialysis parameters. A quadratic term for SBP was included to test
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for a U-shaped association. At advanced CKD, there was no association between SBP and
mortality (HR 1.02 [95% CI: 0.98-1.07] per every 10 mm Hg increase). Among participants who
started hemodialysis, a U-shaped association between dialysis-unit SBP and mortality was
observed. In contrast, there was a linear association between out-of-dialysis-unit SBP and
mortality (HR 1.26 [95% CI: 1.14-1.40] per every 10 mm Hg increase). In conclusion, more
efforts should be made to obtain out-of-dialysis-unit SBP which may merit more consideration as
a target for clinical management and in interventional trials.

Keywords

CKD; hypertension; dialysis; mortality; ESRD

INTRODUCTION

Hypertension is very common in patients with chronic kidney disease (CKD) and end-stage
renal disease (ESRD) on hemodialysis.l: 2 While there is considerable information on the
association of higher systolic blood pressure (SBP) and progression of CKD,36 less is
known about the association of blood pressure with mortality. Previous studies have
suggested a U-shaped association between SBP and risk of mortality in moderate stages of
CKD,’- 8 however less is known about these relationships among patients with advanced
stages of CKD, when estimated glomerular filtration rate (eGFR) is <30 ml/min/1.73 m?,
which is a particularly high-risk subgroup of the overall CKD population.

Furthermore, numerous studies have also reported a U-shaped association between SBP and
risk of mortality in hemodialysis patients, with higher mortality associated with both lower
(even within the “normal” range) and very high blood pressures.®-13 A limitation of these
investigations has been reliance on SBP measured in the dialysis-unit. Prior single-center
studies have suggested that the setting of SBP measurement (dialysis-unit vs. out-of-
dialysis-unit) may impact the measurement and associated outcomes of SBP. Consequently,
national and international guidelines have concluded that “there is uncertainty about how to
measure blood pressure in hemodialysis patients and a poor understanding of the association
between blood pressure and risk of adverse outcomes”2 and “it is unclear which blood
pressure reading should be used as the guide for therapy” for dialysis patients.14

Thus, there remains uncertainty on SBP targets in patient with advanced CKD and those on
hemodialysis, particularly in relation to important outcomes such as mortality. A long-term,
multi-center, observational study of men and women with chronic kidney disease, the
Chronic Renal Insufficiency Cohort (CRIC) Study, provided the opportunity to study the
association of SBP and all-cause mortality among participants with advanced stages of CKD
followed longitudinally through the initiation of hemodialysis. The goal of this study was to:
(1) better delineate the shapes and strengths of the association of SBP with mortality at
eGFR<30 ml/min/1.73 m? (but not on dialysis) and; (2) to compare the association between
dialysis-unit SBP vs. out-of-dialysis-unit SBP with mortality among the participants who
progressed to ESRD and initiated hemodialysis.

Hypertension. Author manuscript; available in PMC 2016 January 01.
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Study Population

Predictors

We studied participants of the Chronic Renal Insufficiency Cohort (CRIC) Study. The CRIC
Study is a multi-center prospective observational cohort!®17 study which enrolled
participants age 21 to 74 years with estimated glomerular filtration rate (eGFR) 20-70
ml/min/1.73m?2 by the MDRD equation.18 Exclusion criteria included New York Heart
Association Class Il or IV heart failure and severe liver disease. Study participants were
followed annually in-person and with six-month interim telephone calls.

We studied three nested subgroups of CRIC participants (Figure 1). We first examined those
who had stage 4 CKD, eGFR<30 ml/min/1.73 m?, at or after enrollment into CRIC (but
before May 31, 2012) and available study visit SBP (N=1,705) (Figure 1 study population
#1). Second, we examined the subgroup of the N=1,705 who subsequently progressed to
require hemodialysis by May 31, 2012 and had dialysis-unit SBP measurements available
(N=403) (Figure 1 study population #2). Third, we examined the subgroup of the N=403
who additionally had out-of-dialysis-unit SBP measurements from a CRIC Study clinical
visit after initiation of hemodialysis (N=326) (Figure 1 study population #3).

We selected a priori systolic blood pressure (SBP) as the predictor variable.

Systolic blood pressure at eGFR<30 ml/min/1.73 m?—We first used the systolic
blood pressure (SBP) obtained from the first CRIC study visit with eGFR observed to be
<30 ml/min/1.73 m?, the threshold for “advanced CKD” (stage 4 and 5) in recent
international guidelines!® (Figure 1; study population #1). SBP was measured by centrally
trained staff using a standardized method20. The mean of three seated resting SBP readings
was measured and used to define the advanced CKD SBP for our study.

Systolic blood pressure after initiation of hemodialysis

Dialysis-unit SBP: For CRIC participants who started maintenance hemodialysis, study
personnel obtained records from each patient’s dialysis-unit approximately 6 months after
hemodialysis initiation (Figure 1; study population #2). SBP measurements were recorded
at the start of each hemodialysis session. The median number of dialysis-unit SBP records
was 4 (IQR 3-4), observed over a median time period of 7 days (IQR 5-9 days). The mean
of the SBP measurements obtained from these dialysis-unit records was used to define
“dialysis-unit SBP” in our study.

Out-of-dialysis-unit SBP: We used mean SBP obtained at the first CRIC research study
visit after initiation of maintenance hemodialysis, which was measured using the same CRIC
protocol used in advanced CKD patients. Among the 403 participants with advanced CKD
who started hemodialysis, we analyzed SBP in 326 (81%) who returned for their first CRIC
study visit after ESRD (“out-of-dialysis-unit” SBP) (Figure 1; study population #3).

Hypertension. Author manuscript; available in PMC 2016 January 01.
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All-cause mortality was the primary outcome. Deaths were identified through report from
next of kin, retrieval of death certificates or obituaries, review of hospital records, and
linkage with the Social Security Mortality Master File through May 31, 2012. For
participants with eGFR<30 ml/min/1.73 m2, all-cause mortality included both deaths prior
to and after ESRD. Participants were censored on May 31, 2012 for this report.

History of cardiovascular disease and medication use were self-reported annually. All
covariates were obtained from the same study visit as the SBP measurement of interest. For
the analyses with dialysis-unit SBP, covariates were obtained from the closest study visit
prior to the SBP measurement.

For the participants who subsequently started hemodialysis, selected measurements taken
during routine clinical care including dose of dialysis (Kt/V), serum albumin and
hemoglobin level were also abstracted from dialysis-unit records. CRIC protocol also calls
for performance of research echocardiograms after incident ESRD, which was done in 218
of the 403 (54%) participants who had a dialysis-unit SBP.21-23 The echocardiograms were
performed at the same study visit as the out of dialysis-unit SBP measurement (e.qg. the first
study visit after starting hemodialysis) in 164 out of the 218 (75%) participants.

Statistical methods

We examined the association of SBP and mortality in the three nested groups (Figure 1
study populations #1—#3): participants with SBP measured at e GFR<30 ml/min/1.73 m?,
participants who initiated hemodialysis with dialysis-unit SBP measures and those
additionally with out-of-dialysis-unit SBP measures. We began by performing multivariable
Cox proportional hazard models with SBP modeled as a continuous variable. A quadratic
term for SBP was included in these Cox models to test for linearity of the association. If the
quadratic term was not statistically significant, we quantified and reported the association
between SBP and mortality in a linear manner. If the quadratic term was significant, we
explored the association between SBP and mortality using adjusted penalized smoothing
splines with N%-2 evenly spaced knots among the inner 99% distribution of SBP in Cox
models. This allowed us to display the relationship of SBP and mortality without making
assumptions about the shape of the relationship. Models were adjusted for age, sex, race/
ethnicity, tobacco use, body mass index (BMI), diabetes and history of cardiovascular
disease. For those on hemodialysis, we also adjusted for Kt/V, serum albumin and
hemoglobin level. In supplementary analysis, SBP values were grouped into quartiles.

We performed several sensitivity analyses. First, we adjusted for use of anti-hypertensive
medications (angiotensin converting enzyme inhibitors, angiotensin receptor blockers,
calcium channel blockers, -blockers and diuretics) recorded at the study visit corresponding
the SBP measure (or the closest study visit prior to the SBP measure for the dialysis-unit
SBP analysis). Second, to explore whether these associations were altered because of
attrition of the study population, we repeated the analyses examining associations between
dialysis-unit SBP and out-of-dialysis-unit SBP in the subset of participants who had both

Hypertension. Author manuscript; available in PMC 2016 January 01.
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measurements (N=326). For this analysis, “baseline” for the time-to-event analysis was set
to the latter of the two SBP measures. Third, to explore whether the U-shaped association
between SBP and mortality may be related to systolic heart failure,24 25 we repeated the
dialysis-unit SBP analysis including only persons with an ejection fraction 245% (N=157)
after initiation of hemodialysis.

Characteristics of study population

Association

Association

Association

A total of 1,705 CRIC study participants had eGFR of <30 ml/min/1.73m? at a baseline or
follow-up visit (Figure 1; study population #1). The mean (SD) SBP was 131 (¥24) mm Hg
and mean (SD) eGFR was 25 (+4) ml/min/1.73 m2. Participants with higher SBP were more
likely to be Black, had higher levels of proteinuria, more likely to have diabetes and reported
use of a greater number of anti-hypertensive medications (Table 1).

of SBP and mortality in participants with eGFR<30 ml/min/1.73 m?2

There were a total of 389 deaths during a mean follow-up of 4.74 (+2.31) years among these
1705 participants with eGFR<30 ml/min/1.73 m2 (Supplemental Table S1). There was no
independent association between higher SBP and mortality (HR 1.02 [95% CI: 0.98-1.07]
per every 10 mm Hg increase, p=0.3) (Figure 2A and Supplemental Table S1). The
quadratic term for SBP was not statistically significant.

of dialysis-unit SBP and mortality

Among the 1,705 participants with advanced CKD, 403 subsequently started maintenance
hemodialysis (Figure 1; study population #2). The median duration of time between
hemodialysis initiation and the dialysis-unit SBP measurement was 188 (IQR 151, 276)
days; 81.2% of participants had their dialysis-unit SBP measurement within 1 year of
beginning hemodialysis. There were a total of 98 deaths over a mean follow-up of 2.72
(+1.67) years.

In multivariable Cox models, the quadratic term for SBP was statistically significant,
suggesting a non-linear association (p<0.05). Spline analyses showed that both low and high
ends of the SBP distribution were associated with higher rates of mortality (Figure 2B and
Supplemental Table S1).

of out-of-dialysis-unit SBP and mortality

Among 403 participants who started hemodialysis, 326 had an out-of-dialysis-unit SBP
measurement (Figure 1; study population #3), 82.2% had the measurement taken within 1
year of initiating hemodialysis. Among these participants, 70 deaths were identified over a
mean of 2.83 (+£1.73) years of follow-up (Supplemental Table S1). The quadratic term for
SBP was not statistically significant suggesting a linear association. The spline analyses
confirmed this linear association (Figure 2C). In multivariable Cox models, the association
between higher SBP and risk of mortality was statistically significant (HR 1.26 [95% CI
1.13-1.39], per every 10 mm Hg increase, p<0.001).

Hypertension. Author manuscript; available in PMC 2016 January 01.
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Sensitivity analyses

When we repeated all models also adjusting for anti-hypertensive medication use, similar
results were seen (results not shown). When we repeated these analyses among the subset of
participants who had both measures of dialysis-unit and out of dialysis-unit SBP measured
(median time of 7 [IQR -106, 99] days apart), the results were similar to the main analysis
(Supplemental Table S2). Finally, in the subgroup of hemodialysis patients with documented
ejection fraction 245% (N=157), a U-shaped association between dialysis-unit SBP and risk
of mortality remained (Supplemental Figure S1).

DISCUSSION

Our study provides new and important insights into the evolving association between SBP
and all-cause mortality as patients progress from advanced CKD to start hemodialysis. We
found that among patients with advanced CKD not on dialysis, SBP was not an independent
risk factor for all-cause mortality. Among the subset of CRIC Study participants with
advanced CKD who subsequently progressed to require hemodialysis, we observed a strong,
linear association between out-of-dialysis-unit SBP and risk of all-cause mortality. This was
in contrast to the U-shaped association with mortality that was observed when we analyzed
dialysis-unit SBP. These findings suggest that out-of-dialysis-unit SBP may be an important
measure to guide clinical management of hemodialysis patients.

Our finding of no association of SBP level with mortality in advanced CKD is consistent
with a recent meta-analysis of 10 clinical trials which failed to find an association between
risk of mortality (RR 0.94, 95% CI 0.84-1.05) among CKD patients treated to “intensive”
goals (target approximately SBP 130 mmHg) vs. “standard” goals (target approximately
SBP 140 mmHg).6 Our results may appear to contradict a recent large study of U.S.
Veterans with moderate to advanced CKD which reported a U-shaped association between
SBP (measured as part of routine clinical care) and all-cause mortality.” However this
association was substantially attenuated when baseline SBP rather than time-updated values
were considered (the former is less likely to reflect physiology of terminal illness than the
latter). Importantly, the increase in risk was primarily observed at SBP levels <110 mmHg
or >170 mmHg, levels of blood pressure not often found in the CRIC Study participants we
studied. Factors responsible for these more extreme SBP levels may include co-morbid
conditions and/or lack of adherence to antihypertensive drug therapy. Within the range of
SBP of approximately 110 to 170 mmHg, which encompasses the SBP target choices
realistically facing contemporary physicians, there was also little correlation between SBP
and risk of mortality in the U.S. Veterans study,’ which is similar to our results. Our
findings differ from a recent study also based on U.S. Veterans which found that among
patients with prevalent CKD and uncontrolled hypertension, those who had an
intensification of their anti-hypertensive medications and a follow-up SBP <120 mm Hg had
a higher risk of death compared to those with SBP 120-139 mm Hg.26 However, this study
differed from ours in several important ways: participants had uncontrolled blood pressure at
cohort entry, while participants in our study had relatively well controlled blood pressure;
most patients in this study had moderate CKD with a mean eGFR of 48 ml/min/1.73 m?,
while our study only included those with stage 4 and 5 CKD; and finally, this study
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examined almost exclusively male and predominantly white patients, which was not the case
in ours.26 Our results may lend support to the newly revised Eighth Joint National
Committee (JNC8) Guidelines for the Management of High Blood Pressure in Adults which
did not recommend strict blood pressure control in CKD.27

A U-shaped association between dialysis-unit SBP and risk of mortality had been observed
previously, where SBP within the “normal” range and within very high ranges are associated
with higher risk of mortality.%-13: 28, 29 These paradoxical observations have led to
uncertainty regarding the optimal blood pressure target for hemodialysis patients, since the
non-linear association is observed in the range of SBP encompassing plausible treatment
targets (for example, SBP 138-166 mm Hg in our study population; Supplemental Table
S1). This has led some to question whether target blood pressure among hemodialysis
patients should be higher than the conventional goal of 140 mmHg systolic.10: 12,13, 30

The mechanisms to explain this U-shaped association between dialysis-unit SBP and
mortality is unclear. Some have suggested that the U-shape association between SBP and
mortality could be explained by the impact of including patients with severe systolic heart
failure and low SBP due to low ejection fraction.2> However, this seems like an unlikely
explanation since we found this same U-shaped association among participants with
preserved ejection fraction. Other previous hypotheses to explain the U-shape have
included: survival bias, competitive risk factors, or neurohormonal state unique to
hemodialysis patients.13 31 However, these other contributing factors are also unlikely since
we observed a linear association between higher SBP and risk of mortality when out-of-
dialysis-unit SBP in these same patients.

We offer an alternative hypothesis to reconcile the U-shape paradox. We hypothesize that
among patients on hemodialysis, the ability to mount an elevated blood pressure in response
to fluid accumulated between hemodialysis sessions—reflected in the dialysis unit blood
pressure documented at the start of each hemodialysis session--is a sign of relative health.

Our data confirm and extend prior single center studies of the importance of setting of SBP
measurement among hemodialysis patients. In a study of 150 hemodialysis patients, one
standard deviation increase in SBP measured by home ambulatory blood pressure
monitoring was associated with a 35% increased risk of mortality, while there was no
association between dialysis-unit SBP and mortality.32 Another report based on 326
hemodialysis patients found a very strong association with SBP measured at home and by
ambulatory blood pressure monitoring with mortality but no association between dialysis-
unit SBP and mortality.2 Our study expands on these results. We studied a large population
of hemodialysis patients recruited from multiple centers around the country. We relied on
blood pressures that are readily obtained outside the dialysis-unit in a regular office setting,
rather than ambulatory blood pressure monitoring which is expensive and difficult to
implement.

Our findings have important clinical implications. Despite acknowledgement that “it is
unclear which blood pressure reading should be used as the guide for therapy” for dialysis
patients, existing guidelines nevertheless suggest dialysis-unit SBP as the target of treatment

Hypertension. Author manuscript; available in PMC 2016 January 01.
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and recommend a blood pressure goal of <140/90 mm Hg recorded at the start of each
hemodialysis session.14 However, our data and others?® 32 strongly suggest that out-of-
dialysis-unit SBP may be an important target for treatment in hemodialysis patients. In the
absence of information from randomized clinical trials of hemodialysis patients,33 choice of
blood pressure targets in this population can only rely on findings from observational
studies. We believe that these data should also inform the design of clinical trials of blood
pressure control in hemodialysis patients, which have traditionally targeted dialysis-unit
SBP.33-35 Currently in clinical practice, many primary care providers and other specialists
often defer treatment of blood pressure to the nephrologist; yet non-nephrologists actually
observe out-of-dialysis-unit SBP readings whereas most nephrologists typically have access
only to dialysis-unit SBP readings. It should be noted that in comparing the dialysis-unit
SBP and out-of-dialysis-unit SBP in our study (although these were not taken
contemporaneously), the majority of patients with dialysis-unit SBP =140 mmHg (144 out
of 239 or 60%) actually had out-of-dialysis-unit SBP <140 mmHg.

Our study had several strengths, including a relatively large number of participants with
advanced CKD recruited from multiple sites in the U.S. The participants were racially/
ethnically diverse and over half had diabetes. SBP was measured in a standardized fashion
by centrally trained study staff to minimize bias in ascertainment (vs. in routine clinical care,
more ill patients tend to have more health care encounters and more frequently blood
pressure readings which can bias associations). The longitudinal study design was unique
and we were able to study the evolving associations of SBP with mortality with progression
of CKD through ESRD in the same cohort of patients to yield unique insight into how the
association between SBP and mortality differs by late stages of CKD. We were able to
capture comorbid conditions uniformly using research grade data. We were able to take into
account important physiological parameters such as cardiac function using research
echocardiograms. Our study had several limitations. SBP was not captured for some study
participants who progressed to hemodialysis (e.g. there was missing dialysis-unit SBP
documentation in 142 out of 545 eligible patients). We did not have access to out-of-
dialysis-unit SBP measures obtained as part of routine clinical care, which may differ from
those measured at CRIC study visits. We could not determine cause of death. The number of
patients who went on to receive peritoneal dialysis or kidney transplant was too small for
analyses of these treatments for ESRD. We could not assess the extent to which our results
could be explained by inaccuracies of dialysis-unit SBP readings.36 The majority of
participants were taking anti-hypertensive medications; findings may differ in an untreated
study population. SBP was relatively well controlled and we only studied those who
volunteered to enroll in this prospective cohort study, which may limit generalizability.

PERSPECTIVES

Among a large, diverse well characterized cohort of patients with advanced CKD, SBP was
not associated with mortality. Among patients who subsequently initiated hemodialysis, a
positive, linear association between out-of-dialysis-unit SBP and a U-shaped association
between dialysis-unit SBP and mortality was observed. Greater effort to obtain out-of-
dialysis unit SBP in hemodialysis patients should be made and may help guide clinical
management.
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Study population #1:
eGFR<30 ml/min/1.73m? and no

renal replacement therapy
N=1.705

Progressed to ESRD during

EXCLUDED
Peritoneal dialysis (N=81), kidney transplant
(N=58), death prior to 6 months (N=32), had
blood pressure after May 31, 2012 (N=20),
dialysis-unit SBP not captured (N=142)

study follow-up
N=736

v

EXCLUDED
Partidpants that did not return for a CRIC
study visit (N=77)

Figure 1.
Derivation of study population

Study population #2:
Started hemodialysis and
had dialysis-unit SBP
available
N=403

Study population #3:
Started hemodialysis and had an

out-of-dialysis-unit SBP available
N=326
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Figure 2.
Associations of systolic blood pressure (SBP) with mortality
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The smooth spline estimates the hazard ratio of all-cause mortality, according to systolic
blood pressure (mm Hg) among CRIC participants with SBP measured at (1) eGFR<30
ml/min/1.73 m2 (2) at maintenance hemodialysis by dialysis-unit measurements and (3) at

maintenance hemodialysis by out-of-dialysis-unit measurements

All analyses are adjusted for age, gender, race/ethnicity, tobacco use, BMI, diabetes, history
of cardiovascular disease. The analyses examining dialysis-unit and out of dialysis-unit
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systolic blood pressures are also adjusted for Kt/V, serum hemoglobin and serum albumin.
Dotted lines represent 95% confidence intervals. Below each spline is the histogram of the
distribution of systolic blood pressure to indicate the range of the majority of the data.
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