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Abstract

Blood pressure is a modifiable risk for cardiovascular disease (CVD). Among hemodialysis
patients, there is a U-shaped association between blood pressure and risk of death. However, few
studies have examined the association between blood pressure and CVD in patients with stage 4
and 5 chronic kidney disease. Here we studied 1,795 Chronic Renal Insufficiency Cohort (CRIC)
Study participants with estimated glomerular filtration rate under 30 ml/min/1.73 m2 and not on
dialysis. The association of systolic (SBP), diastolic (DBP) and pulse pressure with risk of
physician-adjudicated atherosclerotic CVD (stroke, myocardial infarction or peripheral arterial
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disease) and heart failure were tested using Cox regression adjusted for demographics,
comorbidity and medications. There was a significant association with higher SBP (adjusted
hazard ratio 2.04 [95% confidence interval: 1.46, 2.84]) for SBP over 140 vs under 120 mmHg,
higher DBP (2.52 [1.54, 4.11]) for DBP over 90 vs under 80 mmHg and higher pulse pressure
(2.67 [1.82, 3.92]) for pulse pressure over 68 vs under 51 mmHg with atherosclerotic CVD. For
heart failure, there was a significant association with higher pulse pressure only (1.42 [1.05, 1.92])
for pulse pressure over 68 vs under 51 mmHg, but not for SBP or DBP. Thus, among participants
with stage 4 and 5 chronic kidney disease, there was an independent association between higher
SBP, DBP and pulse pressure with risk of atherosclerotic CVD, while only higher pulse pressure
was independently associated with greater risk of heart failure. Further trials are needed to
determine whether aggressive reduction of blood pressure reduces the risk of CVD events in
patients with stage 4 and 5 chronic kidney disease.
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Blood pressure; cardiovascular disease; chronic kidney disease

INTRODUCTION

Cardiovascular disease is the leading cause of morbidity and mortality among patients with
chronic kidney disease (CKD), with higher event rates at progressively lower levels of
glomerular filtration rate.! Hypertension is very common in CKD? 3 and is a well-
established modifiable risk factor for cardiovascular disease in the general population. A
recent landmark clinical trial, the SPRINT trial, demonstrated that targeting a systolic blood
pressure less than 120 mm Hg resulted in lower rates of cardiovascular disease (CVD) and
death in the general population and in the subgroup with mild to moderate CKD (which
comprised 20% of trial population).*

However, few SPRINT participants had advanced CKD (e.g. stage 4 or 5, not requiring
dialysis).> And few other studies of CKD patients have focused on those with stage 4 and 5
CKD, defined as estimated glomerular filtration rate (eGFR) <30 ml/min/1.73 m?- 6-9 There
is concern that the relationship of blood pressure with clinical outcomes may differ as
kidney disease progresses. Much of the uncertainty arises because among patients with stage
5D or end-stage renal disease (ESRD) receiving maintenance hemodialysis, studies have
consistently shown a U-shaped association between level of blood pressure measured in the
dialysis unit and mortality- with the nadir of the “U” being a range of blood pressure that
would normally prompt treatment.19-16 |n addition, an analysis from the Homocysteine in
Kidney and ESRD study (HOST) study of patients with creatinine clearance <30 ml/min
(not on dialysis) noted that systolic blood pressure (SBP) was not associated with risk of
atherosclerotic cardiovascular disease events (ASCVD)Y’ which differs from what is
observed in the non-CKD general population.1® We previously did not find an association
between SBP and risk of all-cause death in patients with eGFR <30 ml/min/1.73 m?in a
prospective, observational study of CKD, the Chronic Renal Insufficiency Cohort (CRIC)
Study.10 However, we did not examine CVD outcomes and we did not evaluate other blood
pressure components. A greater understanding of the relationship between level of blood
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pressure and specific subtypes of CVD in persons with stage 4 and 5 CKD may inform
management of this high-risk population and lead the way for further clinical trials.

Thus, we examined here the association of blood pressure components (SBP, DBP and PP)
with risk of atherosclerotic CVD (ASCVD) and heart failure (HF) events among participants
of the CRIC Study with stage 4 and 5 CKD.

Study population

Association

A total of 1,795 CRIC participants had an eGFR either at study entry or during follow-up of
<30 ml/min/1.72 m2, 46% were women and 46% were black. At the qualifying CRIC study
visit, their mean age was 60 years. Mean eGFR was 26 ml/min/1.73 m2, mean BMI 32.5
kg/m? and median urine protein-to-creatinine-ratio was 689 mg/gm. Mean SBP was 131 (24)
mm Hg, mean DBP 69 (13) mm Hg and mean PP 62 (20) mm Hg. Those with higher SBP
were more likely to be black, have lower eGFR, higher proteinuria, more likely to have
diabetes and were more likely to be taking more BP medications (Table 1).

of blood pressure components with ASCVD and HF

Overall, crude rates of ASCVD and HF events were greater with higher SBP and PP (Table
2). The associations of SBP with ASCVD and HF remained significant after adjustment for
demographic characteristics. After additional adjustment for other cardiovascular risk
factors, prevalent CVVD and medication use, the association of higher SBP with ASCVD, but
not HF, remained significant. Participants with progressively higher SBP had progressively
higher adjusted rate of ASCVD (Table 2) compared to those with SBP <120 mmHg. The
association between SBP and risk of ASCVD appeared linear based on multivariable splines
(Figures 1A).

In unadjusted models, there was no significant association of DBP with either ASCVD or
HF (Table 2). However, after adjustment for demographic characteristics and other
cardiovascular risk factors, participants with DBP >90 mm Hg had a greater than twofold
higher rate for ASCVD compared to those with DBP<80 (Table 2). Multivariable-adjusted
spline was consistent in showing that risk was particularly pronounced among those with
DBP >90 mm Hg (Figures 1B).

There were strong associations between higher PP with risk of ASCVD and HF in
unadjusted models, which remained statistically significant after adjustment for
demographic characteristics (Table 2). After further adjustment for additional participant
characteristics, progressively higher PP was associated with greater risk of ASCVD and HF
(Table 2). The association between PP and risk of ASCVD appeared to increase and plateau
while the association of PP with HF appeared to linear based on multivariable splines
(Figures 1C and 2C).
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Secondary analysis: association of blood pressure components with incident ASCVD and

HF

With exclusion of participants with prevalent ASCVD, the association of SBP, PP and DBP
with incident ASCVD events was largely similar to the main analysis (Supplemental Table
1). When excluding participants with prevalent HF, there were statistically significant
associations between both higher SBP and higher PP and higher rates of incident HF
(Supplemental Table 1).

Secondary analysis: association of blood pressure components with risk of MIl, CVA and

PAD

Among the participants who had an ASCVD event, 164 were Mls, 67 were CVAs and 94
were PAD events. Of these adjudicated events, 5 participants had more than 1 event during a
single admission (3 had M1l +CVA and 2 had PAD +MI). Similar to the main analysis, higher
SBP, DBP and PP were significantly associated with greater risk of MI. Similar associations
were seen for the outcome of CVA, although some of these analyses were underpowered.
Finally, only higher PP was significantly associated with greater risk of PAD, although
power was limited for these analyses as well (Supplemental Table 2).

DISCUSSION

Among a large, diverse, well-characterized cohort of patients with eGFR was <30 ml/min/
1.73 m2, we found that higher SBP, DBP and PP were associated with increased risk for
ASCVD events. We also report a statistically significant association between higher SBP
and PP for risk of incident HF events. These data are novel in that few studies have focused
on the association between different blood pressure components and subtypes of CVD
events in stage 4 and 5 CKD, which may inform the design of clinical trials to reduce the
burden of CVD specifically in patients with advanced stages of CKD not on dialysis.

Our results should be interpreted in the context of the recently published SPRINT study,
which randomized over 9,000 participants at high risk for CVD to SBP targets of either less
than 120 mm Hg vs. less than 140 mm Hg.# The primary composite outcome included fatal
and non-fatal ASCVD, HF, stroke and other CVD. There was a 25% risk reduction in the
primary outcome in participants randomized to the intensive target group. There was no
statistically significant interaction by baseline CKD status. The results from this landmark
trial have important clinical implications in the care of CKD patients. It should be noted that
most of the SPRINT CKD participants had mild to moderate disease (mean eGFR 48
ml/min/1.73 m2),1920. 21 5o our study provides complementary information on those with
more advanced CKD.

Our results are consistent with a contemporary meta-analysis of 19 clinical trials showing
that participants in the intensive blood pressure lowering group (mean SBP of 133 mmHg)
had lower risk of major CVD events, MI and stroke than participants in the less intensive
blood pressure lowering group (mean SBP of 140 mmHg)..22 The majority of our study
participants had diabetes mellitus. In the ACCORD trial of participants with type 2 diabetes
there was no statistically significant difference in rates of CVD events between participants
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randomized to SBP<120 mmHg vs. <140 mmHg. However, the directions of association for
the outcomes of interest were consistent with SPRINT and it is possible that ACCORD may
be relatively underpowered.20: 21 Moreover, in contrast to SPRINT, ACCORD enrollees had
preserved renal function (mean eGFR >90 ml/min/1.73 m2) so the ACCORD findings may
be less relevant to our study population. Finally, another recently published meta-analysis of
40 clinical trials (100,354 participants) of participants with diabetes did report that reduction
in SBP was significantly associated with lower risk of mortality, CVD events, coronary heart
disease and stroke.3

A distinguishing feature of the current study is the focused on advanced CKD patients.
Given the paucity of data from clinical trials in this population, these results—albeit
observational in nature--offer some unique insight. In our study the association between SBP
and CVD outcomes is linear in stage 4 and 5 CKD--i.e. not flat or associated with higher
risk around the clinically important <120 mm Hg or <140 mmHg cutoffs as seen in the U-
shape in studies of blood pressure and mortality in hemodialysis patients1®-16---means it is
possible that the benefits of more aggressive BP control may also extend also to patients
with more advanced (not on dialysis) CKD; although clinical trials are needed to confirm
this. Our findings contradict the notion (based on observational data) that the association of
blood pressure with adverse clinical events in patients with CKD is “fundamentally
different” from that of the general population.24

Previous studies of the associations of blood pressure with adverse outcomes in the setting
of stage 4 and 5 CKD have been conflicting. Among participants with stage 4 and 5 CKD in
a clinical trial to lower homocysteine (HOST), there was no association between SBP or
DBP and risk for ASCVD events (or mortality).1” However, the HOST study enrolled
participants who all had elevated homocysteine and were mainly older men; outcomes were
ascertained differently; the event rate was higher; and there were significant differences in
covariates adjusted for in that analysis vs. the current one (e.g., no adjustment for BP meds
or proteinuria).2> Another study reported that SBP>133 mmHg was associated with lower
risk of all-cause mortality, including participants with eGFR<30 ml/min/1.73 m2-26 A large
study of U.S Veterans (N=39732 in subset with eGFR <30 ml/min/1.73m?2) showed that
compared with those with SBP <120 mmHg and SBP <80 mmHg, patients with pre-
hypertension and stages 1 and 2 hypertension had about 30 percent /ower mortality risk
(25497 out of 39732 died in that subgroup during observation).2” However, important
limitations of that study must be noted: first it relied on clinical blood pressure
measurements so there is higher potential for detection bias compared with a research
protocol driven BP ascertainment (since individuals who are more ill are more likely to have
encounters with the healthcare system and have BP measured). Two, the findings were
greatly attenuated when baseline BP (vs. time-updated BP) was used which suggested that
time-updated BP associations may be biased by reverse causation (i.e. progressive disease
process leading to death also led to lower and lower blood pressure over time).2” The
conclusion from that study that the optimal SBP in patients with CKD seems to be 130-
159mm Hg is not consistent with results from SPRINT and other large clinical trials of BP
reduction.
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We also found strong associations of elevated PP with ASCVD events. PP reflects stiffness
of the large arteries or arteriosclerosis which tends to simultaneously increase SBP and
lower DBP.28 PP has been shown to be strongly associated with CVD and death in the
general population??: 30 and among patients on dialysis.31-34 Patients with CKD often have
elevated PP due to arterial medial calcification among other processes. Among participants
with advanced CKD enrolled in the HOST Study, PP was also associated with increased risk
of atherosclerotic events.1” Although currently no anti-hypertensive medications reduce PP
specifically, future investigations may focus on strategies that reduce arterial stiffness.

Our study confirmed the high rate of HF events among participants with stage 4 and 5 CKD.
We observed a significant association of PP with risk of HF in the primary analysis. This is
consistent with what has been reported in the general population.3® Among CRIC Study
participants, elevated pulse wave velocity, also a measure of large artery stiffening similar to
PP, was strongly associated with incident HF.3°

While previous studies have shown an association between elevated SBP and risk of

HF,30. 36 the association between SBP and HF events was modest and did not reach
statistically significance in our primary analysis. Interestingly, a large meta-analysis of 19
clinical trials also noted that intensive BP reduction did not reduce rate of HF. When we
excluded participants with prevalent HF, the association of SBP with incident HF was
stronger and statistically significant (Table 2 vs. Supplemental Table 1). We do not have a
definitive explanation for this discrepancy. One possible hypothesis is that once diagnosed
with HF, CRIC participants (who have generally rather well controlled hypertension)
underwent more aggressive treatment with anti-hypertensives, notably RAAS inhibitors and
this blunted the association between SBP and subsequent HF events (which would include a
mix of recurrent and incident HF events). Of course, other explanations may be possible. For
example, decreased cardiac output in patients with heart failure with reduced ejection
fraction (HFrEF) could have lower blood pressure.

Our study has several important implications. The first is that we did not find an alarming
association between lower SBP and higher rates of adverse outcomes around the range of
SBP 120-140 mmHg in patients with stage 4 and 5 CKD not on dialysis. This finding differs
from epidemiology literature among stage 5D patients on dialysis 19-16 which has led to
uncertainly about approach to treating BP in the absence of definitive clinical trial data in
this study population. In our population of patients with eGFR<30 ml/min/1.73 m?, even
modest increases in SBP >120 mm Hg (and certainly above 140 mm Hg) were associated
with increased risk of ASCVD, which is consistent with the findings of the SPRINT trial
(although the SPRINT enrollees had higher eGFR levels and our study is observational in
design). The second implication of our findings is that in contrast to our previous study
which reported no association between SBP and risk of mortality in the same study
population,1¥ in the current study, we report a significant association between SBP and CVD
events. Many prior studies of advanced CKD (e.g. stage 5D on dialysis) have focused on
only on all-cause mortality as an outcome due to lack of reliable capture of other events.
However other outcomes such as CVD are as important and should inform clinical decision
making. And studies dedicated to understanding risk factors and treatment for CVD in the
high-risk CKD population may be the foundation for future clinical trials.
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Our study had several strengths. We studied a large, multi-center, well-characterized
prospective cohort of patients with advanced CKD. Blood pressure measures were obtained
in a standardized manner by trained staff to minimize bias in ascertainment.3” Our outcomes
of interest were ascertained by rigorous standardized physician adjudication. We were able
to capture comorbid conditions using research grade data. In contrast to previous studies,%2
we focused on patients with advanced CKD (stage 4 or 5 not on dialysis) who were diverse
in age and gender. Our study materially extends previous studies by evaluating associations
of multiple blood pressure components with ASCVD in a well-characterized and diverse
population of patients with advanced stages of CKD, a subgroup that is high risk for adverse
outcomes but yet has been relatively understudied. Our separate examination of HF events is
also novel as prior studies of the relation of blood pressure with risk of HF are limited in
patients with CKD, either in that the focus has been on atherosclerotic CVD or HF has been
included as part of a composite outcome.

We recognize some limitations as well. Our patient population was largely treated with anti-
hypertensive medication and had fairly well-controlled blood pressure. This was an
observational study and we are not able to make definitive conclusions about treatment of
blood pressure and its affects on CVD outcomes since residual confounding is possible. For
example, patients with higher blood pressure in our study were on more blood pressure
medications and hence that group is enriched with those who have resistant hypertension
which is itself a risk factor for adverse outcomes. As a study of research volunteers, it is
possible that these results may not be fully generalizable to all CKD patients, particularly to
untreated patients. We did not have 24-hour ambulatory or home BP measurements.

In conclusion, among patients with eGFR<30 ml/min/1.73 m2 and not on dialysis, we
showed that higher SBP above 120 mmHg is associated stepwise with higher risk of
ASCVD events and incident HF events. Following the lead of SPRINT and other trials,
clinical trials to evaluate blood pressure treatment targets in patients with advanced CKD are
needed.

METHODS
Study Population

The CRIC Study is a multi-center, prospective, observational cohort study which initially
enrolled a total of 3939 men and women from 2003 to 2008. At study entry they were age 21
to 74 years with eGFR 20-70 ml/min/1.73m? determined by the MDRD equation.3: 3840
Exclusion criteria have been previously described and included New York Heart Association
Class I11 or 1V heart failure and severe liver disease.3: 38 39 Study participants were followed
annually in-person and with six-month interim telephone calls.

For the present analysis, we studied participants who had an eGFR<30 ml/min/1.73 m?
either at time of enrollment into the CRIC Study or any time thereafter (all before mid 2012)
(N=1,795).
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We used the blood pressure value measured at the first CRIC study visit at which the
participant’s eGFR was <30 ml/min/1.73 m?, the threshold for “advanced CKD” (stage 4
and 5). © Three seated resting blood pressure readings, obtained by study staff using a
standardized method, were obtained and the mean value used.10

The main predictors were three blood pressure components (in mmHg) : SBP, DBP and PP
(calculated from SBP minus DBP).

Outcomes were time to first HF event after eGFR was <30 ml/min/1.73 m2 and time to first
ASCVD event (probable or definite myocardial infarction [MI], probable or definite
ischemic stroke, or peripheral artery disease events) after eGFR was <30 ml/min/1.73 mZ2.
Both outcomes were identified through mid 2012. We a priori separated out HF events and
ASCVD events since their underlying pathophysiology and relationship with other vascular
risk factors differs. Participants were censored at time of death or end of study period for this
report. Deaths were identified from report from next of kin, retrieval of death certificates or
obituaries, review of hospital records, and the Social Security Death Master File.

Study participants were queried every 6 months during alternating in-person and telephone
visits about whether they were hospitalized, reached ESRD, experienced a possible
cardiovascular event, or underwent a selected set of diagnostic tests/procedures.
International Classification of Diseases, Ninth Revision (/CD-9) discharge codes were
obtained for all hospitalizations. When diagnostic or procedure codes indicative of a
potential cardiovascular event were noted, medical records were retrieved for review by at
least 2 physicians for possible events of HF, MI, and stroke. Trained study staff reviewed
medical records classified with /CD-9 codes that suggest a peripheral artery disease event.!

HF events were determined based on clinical symptoms, radiographic evidence of
pulmonary edema, physical examination of the heart and lungs, central venous
hemodynamic monitoring data, and echocardiographic imaging in hospitalized patients
based on the Framingham and ALLHAT (Antihypertensive and Lipid-Lowering Treatment
to Prevent Heart Attack Trial) criteria.2 43 Diagnosis of probable or definite M1 was based
on symptoms consistent with acute ischemia, cardiac biomarker levels, and
electrocardiograms as recommended by a consensus statement on the universal definition of
MI. Two neurologists reviewed all hospitalizations suggestive of stroke. Outcomes included
both probable and definite ischemic stroke. The latter was determined based on autopsy
findings or sudden onset of neurologic symptoms supported with computed tomography or
magnetic resonance imaging demonstration of infarction in a territory where an injury or
infarction would be expected to create those symptoms. The former was defined as sudden
or rapid onset of 1 major or 2 minor neurologic signs or symptoms lasting for more than 24
hours or until the patient died with no evidence of hemorrhage or infarction on computed
tomography or magnetic resonance imaging performed within 24 hours of the onset of
symptoms. Ascertainment of peripheral artery disease was based on nurse-abstracted
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hospital records indicating that amputation, bypass procedure, angioplasty, or surgical/
vascular procedure for abdominal aortic aneurysm or noncoronary arteries took place.*!

In a sensitivity analysis, we excluded participants with prevalent ASCVD or HF. Prevalent
disease was determined by: (1) self-report at cohort entry and updated through semi-annual
self-report until eGFR < 30 ml/min/1.73 mZ; or (2) CRIC study adjudicated interim ASCVD
or HF event between cohort entry and progression to eGFR < 30 ml/min/1.73 m2.

All covariates were obtained from the same study visit as the blood pressure measurement of
interest. Covariates included: age, gender, race/ethnicity (Non-Hispanic white, Non-Hispanic
black, Hispanic, other), tobacco use (current/former or never) and history of diabetes
mellitus (diabetes). Body mass index (BMI) was calculated from height and weight recorded
at the study visit (kg/m?2). Urine protein was quantified by urine protein-to-creatinine ratio.
Medication use, including blood pressure drugs, was confirmed by study coordinator’s
review of containers with study participants.

Statistical methods

For the analysis, we examined each blood pressure component continuously and in
categories. SBP and DBP categories were determined from clinically relevant cut-points and
PP was examined in tertiles.

We calculated crude rates (per 100 patient years) of each CVD event type across categories
of SBP, DBP and PP in the study population overall and in those without prevalent CVD. We
then performed unadjusted and multivariable-adjusted Cox proportional hazard models of
each blood pressure component (analyzed as three categories) and risk of ASCVD and risk
of HF. We performed a series of nested models that sequentially adjusted for demographic
characteristics only and then additionally for clinical site, tobacco use, BMI, diabetes, urine
protein, statin use, number of blood pressure medication classes reported and prevalent
CVD. These covariates were chosen a priori based on prior literature of CVD as well as
biological rationale. We explored the functional form of the final multivariable-adjusted
association between each blood pressure component and each outcome using adjusted
penalized smoothing splines with N°-2 evenly spaced knots among the inner 99%
distribution of the blood pressure component in Cox models to display the relation of each
association without making assumptions about its shape.10

We performed two secondary analyses. In the first, we excluded participants with
atherosclerotic CVD and HF to test the association of blood pressure components with
incident atherosclerotic CVD and HF. In a second sensitivity analysis, we tested the
association of blood pressure components with risk of MI, CVA and PAD individually
(rather than as a composite outcome as in the main analysis).

All analyses were conducted using SAS 9.4 (Cary, NC) and R statistical package.
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1A. Association of SBP with Atherosclerotic CVD among participants with eGFR<30 ml/min/1.73 m*
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1C. Association of PP with Atherosclerotic CVD among participants with eGFR<30 ml/min/1.73 m’

CVvD

1

20

1.5

1.0

Hazard Ratio

05

100 —

Frequency

I I I T T T T T I I I
20 30 40 50 60 70 80 90 100 110 120

Figure 1. Adjusted associations of blood pressure components with atherosclerotic
cardiovascular disease (stroke, myocardial infarction and peripheral arterial disease) among
participants with eGFR<30 ml/min/1.73 m2. The smooth spline estimates the hazard ratio of
atherosclerotic cardiovascular disease among CRIC participants with eGFR<30 ml/min/1.73 m?
according to (A) systolic blood pressure; (B) diastolic blood pressure and (C) pulse pressure

All analyses are adjusted for age, gender, race/ethnicity, clinical site, tobacco use, BMI,
diabetes, urine proteinuria, statin use, number of BP medication classes and prevalent CVD.
Dotted lines represent 95% confidence intervals. Below each spline is the histogram of the
distribution of the blood pressure component to indicate the range of the majority of the
data.
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2A. Association of SBP with heart failure among participants with eGFR<30 ml/min/1.73 m’
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2B. Association of DBP with heart failure among participants with eGFR<30 ml/min/1.73 m®
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2C. Association of PP with heart failure among participants with eGFR<30 ml/min/1.73 m*
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Figure 2. Adjusted associations of blood pressure components with heart failure among CRIC
participants with eGFR<30 ml/min/1.73 m2. The smooth spline estimates the hazard ratio of
heart failure among CRIC participants with eGFR<30 ml/min/1.73 m?2 according to (A) systolic
blood pressure; (B) diastolic blood pressure and (C) pulse pressure

All analyses are adjusted for age, gender, race/ethnicity, clinical site, tobacco use, BMI,
diabetes, urine proteinuria, statin use, number of BP medication classes. Dotted lines
represent 95% confidence intervals. Below each spline is the histogram of the distribution of
the blood pressure component to indicate the range of the majority of the data.
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