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Abstract

OBJECTIVES—Visit-to-visit variability of blood pressure is an important independent risk
factor for premature death and cardiovascular events, but relatively little is known about this
phenomenon in patients with chronic kidney disease not yet on dialysis.

METHODS—We conducted a retrospective study in a community-based cohort of 114,900 adults
with chronic kidney disease stages 3—4 (estimated glomerular filtration rate 15-59 mL/min per
1.73 m?). We hypothesized that visit-to-visit variability of blood pressure would be independently
associated with higher risks of death, incident treated end-stage renal disease, and cardiovascular
events. We defined systolic visit-to-visit variability of blood pressure using three metrics: (1)
coefficient of variation (2) standard deviation of the mean systolic blood pressure, and (3) average
real variability.

RESULTS—The highest versusthe lowest quintile of the coefficient of variation was associated
with higher adjusted rates of death (hazard ratio 1.22; 95% confidence interval 1.11-1.34) and
hemorrhagic stroke (hazard ratio 1.91, confidence interval 1.36-2.68). Visit-to-visit variability of
blood pressure was inconsistently associated with heart failure, and was not significantly
associated with acute coronary syndrome and ischemic stroke. Results were similar when using
the other two visit-to-visit variability of blood pressure. Visit-to-visit variability of blood pressure
had inconsistent associations with end-stage renal disease, perhaps due to the relatively low
incidences of this outcome.

CONCLUSIONS—Higher visit-to-visit variability of blood pressure is independently associated
with higher rates of death and hemorrhagic stroke in patients with moderate to advanced chronic
kidney disease not yet on dialysis.
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INTRODUCTION

There is increasing evidence that visit-to-visit variability of blood pressure (VVV of BP),
defined as variation in blood pressure that occurs over days to months, is an important risk
factor for premature death and cardiovascular events, independent of mean BP level [1].
Chronic kidney disease (CKD) is a known risk factor for cardiovascular disease, and patients
with CKD are among the highest risk populations for cardiovascular morbidity and mortality
[2]. However, relatively little is known about VVV of BP in patients with CKD not yet on
dialysis, because most previous studies were focused on highly selected cohorts from
randomized clinical trials [3, 4] or on patients with end-stage renal disease (ESRD) receiving
maintenance hemodialysis [5-11]. The few studies that were conducted in “real-world”
CKD cohorts were limited by relatively small sample sizes [12-14].

To address some of the limitations of these previous studies, we conducted a retrospective
study of VVVV of BP in a large, community-based cohort of adults with CKD stages 3-4
(estimated glomerular filtration rate [GFR] 15-59 mL/min per 1.73m?2). We hypothesized
that VVVV of BP would be independently associated with higher risks of death, incident
treated ESRD, and cardiovascular events in patients with CKD who were not yet on dialysis.

METHODS

Cohort Assembly

Kaiser Permanente Northern California is a large integrated healthcare delivery system
providing comprehensive care to >3.5 million persons in the San Francisco and greater Bay
Area. The Kaiser Permanente Northern California population is highly representative of the
surrounding population except for slightly lower representation at the extremes of age and
income [15, 16].

The study sample included all adults aged =18 years with an outpatient, non-emergency
department BP measurement between January 1, 2009 and December 31, 2011, and at least
one more BP measurement within 6 months of the initial measurement. We chose these
inclusion dates due to improved data quality, uniformity, and BP control for Kaiser
Permanente as a whole during this time frame [17]. The initial BP measurement was set as
the study index date. We excluded persons with <6 months of continuous membership after
the index date, or who received maintenance dialysis or organ transplant prior to and within
6 months after index date. Persons without at least one ambulatory serum creatinine
measurement within 12 months prior, or with =18 BP measurements or ambulatory serum
creatinine measurements within 180 days after their index date were also excluded (Figure
1). As a sensitivity analysis, we restricted the cohort to patients with =4 BP measurements
available. Finally, because we wanted to focus on patients with stable CKD stages 3-4, we
relied only on outpatient, non-emergency department values of serum creatinine and
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excluded patients with any estimated GFR (using the CKD-EPI equation [18]) of <15 or =60
mL/min per 1.73m? in the 365 days before the index date. For patients with more than one
serum creatinine determination during this time period, the baseline estimated GFR was
calculated from the serum creatinine value measured closest to the index date.

Visit-to-Visit Variability of Blood Pressure

Outcomes

Covariates

All outpatient clinics used automated sphygmomanometers operated by trained medical
assistants, with repeat measurements performed as needed by physicians using aneroid
sphygmomanometers[17]. We analyzed BP measurements during a 6-month period after the
initial outpatient measurement to characterize VVV of BP (Figure 2). Because systolic BP is
generally considered to be a stronger risk factor for cardiovascular disease and other
outcomes than diastolic BP, we focused on systolic VVVV of BP [19]. We used three metrics
to define VVVV of BP[1]: (1) the coefficient of variation (standard deviation of mean systolic
BP divided by mean systolic BP); (2) the standard deviation of the mean systolic BP and (3)
the average real variability, which takes an average of the absolute differences in BP over
consecutive visits, thereby accounting for the order in which the measurements were made
[1, 20]. We categorized the cohort into quintiles of VVV of BP based on each metric.

Follow-up occurred after the initial 6-month window used to characterize VVV of BP, and
all patients were followed for the subsequent 12 months (Figure 2). Censoring during this
follow-up period occurred at the end of follow-up or disenrollment from the health plan.
Outcomes of interest included death from any cause, development of treated ESRD, and
cardiovascular events. Deaths were comprehensively identified from hospital and billing
claims databases, administrative health plan databases, state death certificate registries, and
Social Security Administration vital status files. Occurrence of treated ESRD, defined as
initiation of maintenance dialysis or receipt of kidney transplant, was determined based on a
comprehensive ESRD treatment registry [21, 22]. Cardiovascular events included
hospitalization for acute coronary syndrome (defined as myocardial infarction or unstable
angina), heart failure, ischemic stroke, and hemorrhagic stroke. Cardiovascular events were
ascertained based on relevant diagnostic /nternational Classification of Disease, Ninth
Edition (ICD-9) codes found in hospitalization and billing claims databases using previously
validated algorithms (specific codes available on request) [23-25]. Cardiovascular events of
interest that occurred during the initial 6-month observation period to define VVV of BP
were excluded from the analyses.

We ascertained information on comorbid conditions during a five-year period prior to the
index date, based on relevant ICD-9 diagnosis and procedure codes as previously described
[23-27]. We collected baseline data on diagnoses of: acute myocardial infarction, heart
failure, intracranial hemorrhage, ischemic stroke or transient ischemic attack, ventricular
tachycardia or fibrillation, peripheral arterial disease, mitral and/or aortic valvular disease,
atrial flutter and or fibrillation, diabetes mellitus, hypertension, dyslipidemia, smoking,
dementia, depression, chronic liver disease, chronic lung disease, systemic cancer, and
hospitalized bleed. We ascertained baseline medication use for cardiovascular and diabetes
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medications from outpatient pharmacy dispensing records in the 120 days prior to the index
date.

We ascertained baseline diastolic BP, baseline and time-updated systolic BP, estimated GFR,
proteinuria based on urine dipstick results[28], serum low-density lipoprotein (LDL) and
high-density lipoprotein (HDL) cholesterol levels and hemoglobin from health plan
laboratory databases. Baseline laboratory results were obtained during the 12 months before
the index date.

Statistical Approach

Analyses were conducted using SAS statistical software, version 9.3 (Cary, N.C.). A two-
sided P value <0.05 was considered significant. All analyses were performed separately for
each metric of VVV of BP. We performed multivariable linear regression to identify
independent correlates of VVVV of BP and considered all variables listed in Table 1. To
examine the association among quintiles of VVV of BP and clinical outcomes and to avoid
assumptions of linearity, we calculated rates (per 100 person-years) and associated 95%
confidence limits for each outcome. We conducted proportional hazard regression to
examine the association between each quintile of VVVV of BP with the lowest quintile as the
referent (i.e. 15t quintile) and outcomes after adjustment for potential confounding factors,
and present results as an adjusted hazard ratio (HR) and 95% confidence intervals (CI).

Approval for the study was obtained from the institutional review boards of Kaiser
Permanente Northern California and Stanford University. A waiver of informed consent was
obtained due to the nature of the study.

RESULTS

Our cohort consisted of 114,900 patients with CKD stages 3—4 (Figure 1). The average VVV
of BP defined as the coefficient of variation was 9.0%, the standard deviation was 11.9 mm
Hg, and the average real variability was 14.6 mm Hg. There was a higher prevalence of most
comorbid conditions in the higher quintiles of VVVV of BP (Table 1, Supplemental tables 1 &
2). In multivariable-adjusted models, older age, higher mean systolic BP, and more BP
measurements were associated with higher VVVV of BP, as were lower estimated GFR and
proteinuria (Supplemental Table 3). Baseline use of angiotensin-converting enzyme
inhibitors or angiotensin Il receptor blockers, beta-blockers and nitrates was associated with
higher VVVV of BP, while use of calcium channel blockers and diuretics was associated with
lower VVV of BP. (Supplemental Table 3).

During the 12-month follow-up period, there were 5114 deaths (4.6 per 100 person-years).
Event rates were generally higher in higher quintiles of VVV of BP (Table 2 &
Supplemental Table 4), an association which persisted in fully adjusted models (Figure 3A).
Patients in the highest quintile of coefficient of variation of BP had a 22% (Cl 11% to 34%)
higher rate of death compared with patients in the lowest quintile. Similarly, patients in the
highest versus lowest quintiles of standard deviation and average real variability had 17%
(C1 6% to 29%) and 15% (CI 5% to 26%) higher rates of death, respectively.
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Treated ESRD developed in 582 patients during follow-up (0.5 per 100 person-years) and
event rates were generally higher in higher quintiles of VVV of BP (Table 2 & Supplemental
Table 4). In fully adjusted models, higher quintiles of the coefficient of variation had no
significant associations with ESRD (Figure 3B). In contrast, the highest quintile of the
standard deviation was associated with a 1.45-fold (CI 1.02-2.05) higher risk of ESRD, and
higher average real variability was associated with a significantly higher rate of ESRD (HR
1.55, CI 1.09-2.20 for 4™ quintile; HR 1.72, CI 1.21-2.43 for 5™ quintile versus 15t quintile;
Figure 3B).

Cardiac events were relatively common during follow-up: 1289 hospitalizations for acute
coronary syndrome (1.2 per 100 person-years) and 2528 for heart failure (2.3 per 100
person-years). Event rates were generally higher in higher quintiles of VVV of BP (Table 2
& Supplemental Table 4). In fully adjusted models, there was no significant association with
rate of acute coronary syndrome, but patients in the higher quintiles of the coefficient of
variation of systolic BP had higher rates of heart failure (Figure 4). Results were consistent
regardless of the metric of VVV of BP used.

The incidence of stroke was relatively low: 817 ischemic strokes (0.7 per 100 person-years),
and 827 hemorrhagic strokes (0.8 per 100 person-years), and event rates were generally
higher in higher quintiles of VVVV of BP using all three metrics (Table 2 & Supplemental
Table 4). In fully adjusted models, higher VVVV of BP was generally not associated with a
higher rates of ischemic stroke (Figure 5A), but was associated with higher rates of
hemorrhagic stroke (Figure 5B).

For sensitivity analyses, we had 52,604 patients (46% of the original cohort) with > 4 BP
measurements available to calculate the VVV of BP. Overall, the results were not materially
changed, with the one notable exception that higher VVVV of BP was no longer consistently
associated with higher rates of hospitalized heart failure (Supplemental Figure).

DISCUSSION

In this large, community-based cohort of 114,900 adults with CKD stages 3—4 not yet on
dialysis, higher VVVV of BP was associated with significantly higher rates of death and
hemorrhagic stroke, even after controlling for mean systolic BP, severity of kidney disease,
and other comorbid conditions. However, VVV of BP had no significant association with
rates of hospitalization for acute coronary syndrome or ischemic stroke. Results were similar
when VVV of BP was defined as the coefficient of variation, standard deviation or average
real variability. We did not find consistent associations of VVV of BP with rates of treated
ESRD or heart failure.

While numerous reports indicate an association between higher VVV of BP and death in
patients on hemodialysis [5-11], there have been few studies that focus on patients with
CKD not yet on dialysis. McMullan et al. conducted two secondary analyses of clinical trials
in patients with CKD, both of which showed an association of higher VVVV of BP with
death. The first analyzed data from 908 participants in the African American Study of
Kidney Diseases and Hypertension (AASK), and showed that the highest tertile of VVV of
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BP was associated with 2.8-fold higher adjusted risk of death compared with the lowest
tertile [3]. The second combined data from two diabetic nephropathy trials, and showed that
each standard deviation increase in VVVV of BP was association with a 16% (CI 4% to 29%)
higher risk of death [4]. An observational study of 374 patients from Italian nephrology
clinics found a 6% (CI 2% to 9%) increased risk of death associated with each 1% increase
in VVVV of BP [12]. Results from our analysis, which showed a 7%, 10%, 19% and 22%
higher risk of death associated with the 2", 31, 4t and 5t quintiles (versus 15t quintile) of
VVV of BP, respectively, extend the findings of those previous studies to a much larger
cohort of real-world patients with moderate to advanced CKD.

In our study, the association of VVV of BP with the development of treated ESRD differed
depending on the metric used. The few previous studies to examine this outcome have
yielded similarly varied results. For example, in the secondary analysis of the two diabetic
nephropathy trials discussed above[4], VVV of BP had no significant association with a
composite endpoint of ESRD, reduction in GFR, or death (HR 1.05, ClI 0.67-1.62). In
contrast, the secondary analysis of AASK observed that each standard deviation increase in
VVV of BP was associated with a 12% (CI 2% to 22%) higher adjusted risk of ESRD [3].
Differences among the studies may stem in part from the fact that development of ESRD is
relatively uncommon, leading to uncertainty in the estimates. In addition, differences in
cohort characteristics may also account for at least some of the discrepancies (e.g. African
Americans only, diabetic versus hypertensive nephropathy). Larger studies over longer
periods of time are needed to provide a more definitive answer as to whether VVVV of BP is a
risk factor for ESRD.

Although studies in non-CKD populations have shown associations of VVV of BP with
higher risks of acute coronary syndrome and heart failure [29, 30], we saw no significant
associations with acute coronary syndrome. While we found that higher VVV of BP was
associated with a 20-45% higher rate of heart failure, the association was no longer
significant in sensitivity analyses that restricted the cohort to patients with at least four BP
measurements available. Our results are consistent with studies in patients with CKD not yet
on dialysis that have also failed to show an association [3, 4]. Perhaps in patients with CKD,
the combined impact of traditional (e.g. hypertension, diabetes, dyslipidemia) and non-
traditional risk factors (uremic milieu, disordered bone and mineral metabolism,
inflammation) on heart failure and acute coronary syndrome outweighs any theoretical risk
conferred by higher VVVV of BP.

We found that higher VVV of BP was associated with a 35 to 90% higher rate of
hemorrhagic stroke, but found no associations with ischemic stroke. Our results are in direct
contrast to the findings of Rothwell et al., who showed that higher VVV of BP was more
strongly associated with ischemic versus hemorrhagic stroke[29]. However, in that study, a
secondary analysis of a trial of patients with hypertension and other cardiovascular risk
factors, there were relatively few hemorrhagic strokes (N=74 total), leading to wide
confidence limits. In a large study of 58,228 postmenopausal women enrolled in the
Women’s Health Initiative, women in the highest quartile of VVVV of BP, had a significant
1.5—fold higher risk of stroke, which did not differ by stroke type[31]. However, that cohort
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differed significantly from our study population, in that they were relatively healthy
participants with few comorbid conditions.

Taken together, the association of VVVV of BP and cardiovascular outcomes is mixed,
reflecting in part the heterogeneity of the studies themselves. Moreover, the precise
mechanisms underlying the putative effect of VVV of BP on cardiovascular outcomes
remain to be elucidated and cannot be answered in observational analyses such as ours.
Previous work showed that higher VVV of BP is associated with endothelial damage[32],
increased arterial stiffness[33], progression of coronary artery calcification[34], and left
ventricular diastolic dysfunction[35], all of which may contribute to higher risks of death
and cardiovascular outcomes. The interplay of these factors with CKD and other comorbid
conditions need further clarification.

Our study has several strengths, including its large size with detailed information on
comorbid conditions and laboratory values, and the relatively dense number of BP
measurements. However there are several limitations. First, our cohort had a mean age of 74
years, and so our results may not be generalizable to younger patients with CKD. We
suspect the older age of our cohort may stem from our selection of patients with CKD stage
3-4, as younger patients are less likely to have had creatinine measured, and of those, are
less likely to have moderate to severe CKD [2]. Second, our databases did not contain
specific information on longitudinal medication adherence, which is associated with VVV of
BP [36, 37]. We also did not have information on timing of medication administration or on
adjustments to the antihypertensive medication regimen, which could also have affected
VVV of BP. Third, our follow-up period was limited to 12 months, whereas a recent study
showed that in an elderly cohort of primary care patients with 12 years of follow-up, BP
change over time was a more important predictor of mortality and cardiovascular risk than
VVV of BP[38]. Finally, although KPNC instituted rigorous BP measurement training to all
outpatient clinics including repeat BP measurement where indicated [17], in most cases only
one BP measurement was made at each clinic visit which may have introduced measurement
error. We also did not have access to home BP measurements, which can provide additional
prognostic information [39].

CONCLUSIONS

In our study of 114,900 patients with CKD stage 3—4, we found that higher VVV of BP was
associated with higher risks of death and hemorrhagic stroke, independent of mean BP and
after adjustment for comorbid conditions and other potential confounding factors. We did
not find consistent associations with risks of ESRD, acute coronary syndrome, heart failure
or ischemic stroke. Our results suggest a possible role for using VVV of BP to identify a
subgroup of very high risk patients within a population already at high risk for adverse
outcomes (i.e. patients with moderate-to-advanced CKD) to target for closer clinical follow-
up, evaluation of medication adherence, or other interventions. However, the optimal number
and interval of BP measurements, and the best metric to use to define VVVV of BP still need
to be clarified. Finally, whether reducing VVV of BP will ultimately improve outcomes
requires future investigation in prospective clinical trials.
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Kaiser Permanente Northern California adult member
with first outpatient BP between 1/1/09 — 12/31/11,
> 1 additional outpatient BP within 180 days,
>1 serum creatinine in previous 12 months
N=1,107,373

N=1,101,248

Excluded 6333 patients with:

_| = 18 BPs within 180 days (N=5960)
"| > 18 serum creatinine measurements within

180 days (N=373)

FINAL COHORT
N=114,900

Figure 1.

Excluded 986,456 patients with eGFR
(ml/min per 1.73 mP):

> 60 (N=985,241)

<15 (N=1215)
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Cohort assembly of patients with chronic kidney disease stage 3—4 and at least 2 but no more
than 18 outpatient blood pressure measurements within 180 days.
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Start follow-up

I 365 days 180 days 365 days
baseline serum creatinine VVV of BP outcomes ascertainment period

ascertainment period

observation period

Figure 2.

Study design showing periods of kidney function ascertainment, visit- to-visit variability of

blood pressure ascertainment, and outcomes ascertainment.
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A: Death
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B: End-Stage Renal Disease
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Figure 3. Adjusted hazard ratios (error bars=95% CI) showing the association of quintile of
VVV of BP defined using the specified metricswith (A) death and (B) end-stage renal disease

Covariates adjusted for included age, gender, race, known Hispanic ethnicity, current or
former smoker, systolic blood pressure, number of blood pressure measurements,
hospitalized acute myocardial infarction, heart failure, hospitalized intracranial hemorrhage,
hospitalized ischemic stroke or transient ischemic attack, peripheral arterial disease, Mitral
and/or aortic valvular disease, atrial fibrillation and/or flutter, diabetes mellitus,
hypertension, dyslipidemia, diagnosed dementia, diagnosed depression, chronic liver
disease, chronic lung disease, systemic cancer, hospitalized bleed, documented proteinuria,
estimated glomerular filtration rate, hemoglobin, angiotensin-converting enzyme inhibitor /
angiotensin Il receptor blocker, aldosterone receptor antagonist, beta blocker, minoxidil,
calcium channel blocker, diuretic, hydralazine, nitrates, digoxin, statin, other lipid-lowering
agent, non-aspirin antiplatelet agent, and diabetic therapy. Abbreviations: VVV of BP =
visit-to-visit variability of blood pressure; Cl=confidence interval.
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A: Acute Coronary Syndrome

53
2 15
o
-8
=7
©
@
B ref
N o 1eam
®©
= =

05

1 2 3 4 5
Quintile of VWV of BP
metric @ Coefficient of Variation A Standard Deviation M Average Real Variability
B: Heart Failure
25
9

3
= 15
o
i }
=
s
@
2 ref
R 1{eaAm
©
-

05
1 2 3 4 5
Quintile of VWV of BP

metric @ Coefficient of Variation A Standard Deviation M Average Real Variability

Figure 4. Adjusted hazard ratios (error bars=95% CI) showing the association of quintile of
VVV of BP defined using the specified metricswith (A) acute coronary syndrome and (B) heart
failure

Covariates adjusted for are the same as for Figure 3. Abbreviations: VVV of BP = visit-to-
visit variability of blood pressure; Cl=confidence interval.
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A: Ischemic Stroke
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B: Hemorrhagic Stroke
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Figure 5. Adjusted hazard ratios (error bars=95% CI) showing the association of quintile of
VVV of BP defined using the specified metricswith (A) ischemic stroke and (B) hemorrhagic
stroke

Covariates adjusted for are the same as for Figure 3. Abbreviations: VVV of BP = visit-to-
visit variability of blood pressure; Cl=confidence interval.
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