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Abstract

Background—Few studies have compared different blood pressure (BP) indexes for end-stage
renal disease (ESRD) risk among individuals with chronic kidney disease.

Methods—We examined the relationship between systolic BP (SBP), diastolic BP (DBP), pulse
pressure (PP) and mean arterial pressure (MAP) and ESRD risk among 2,772 participants with an
estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m? calculated using the Chronic
Kidney Disease Epidemiology Collaboration equation in the REasons for the Geographic And
Racial Differences in Stroke (REGARDS) study. BP was measured during a baseline study visit
between January 2003 and October 2007 with ESRD incidence through August 2009 ascertained
via linkage with the United States Renal Data System (/7= 138 ESRD cases).

Results—The mean age was 72.1(standard deviation: 8.7) years. After multivariable adjustment
for socio-demographic and clinical risk factors including antihypertensive medication use, the
hazard ratio (HR) for ESRD associated with one standard deviation higher SBP (18 mm Hg) was
1.67, (95% confidence intervals (Cl) 1.43-1.96), DBP (11 mm Hg) was 1.38, (95% CI 1.16-1.63),
PP (15 mm Hg) was 1.50, (95% CI 1.27-1.78) and MAP (11 mm Hg) was 1.54, (95% CI 1.32-
1.79). Higher levels of SBP remained associated with an increased HR for ESRD after additional
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adjustment for DBP (1.65, 95% CI: 1.35-2.01), PP (1.73, 95% CI: 1.32-2.26), and MAP (1.61,
95% ClI: 1.16-2.23). After adjustment for SBP, the other BP indexes were not significantly
associated with incident ESRD.

Conclusions—These data suggest that of several blood pressure indexes including DBP, PP and
MAP, SBP may have the strongest association with ESRD incidence among individuals with
reduced eGFR.

Keywords

blood pressure; chronic kidney disease; end-stage renal disease; hypertension; pulse pressure;
systolic blood pressure

Methods

Chronic kidney disease (CKD) is common with recent estimates indicating a prevalence of
13% among US adults.? Individuals with CKD have a substantially increased risk for end-
stage renal disease (ESRD).2~* The vast majority of patients with CKD have
hypertension®-8 and it is considered one of the most important risk factors for ESRD.%10

Although hypertension is widely recognized as an independent risk factor for ESRD, few
prospective studies have compared the risk for ESRD associated with different blood
pressure (BP) indexes. Although two large studies!112 have reported that systolic BP (SBP)
was more strongly associated with incident ESRD as compared with diastolic BP (DBP) or
pulse pressure (PP), neither of these studies had estimates of renal function at baseline. Data
are limited as to the importance of SBP vs. other BP indexes in individuals with reduced
estimated glomerular filtration rate (eGFR). In a small study of predominantly male veterans
with CKD, SBP but not DBP was associated with ESRD; the association for PP was not
reported.1® Understanding the relative strength of these associations could provide insight
into mechanisms and optimal approaches for treating patients. Therefore, the goal of the
current analysis was to assess the associations between SBP, DBP, PP and mean arterial
pressure (MAP), and the incidence of ESRD among adults with moderate-to-severe CKD,
defined as an eGFR <60 ml/min/1.73 m2. To accomplish this goal, we analyzed data from
the REasons for the Geographic And Racial Differences in Stroke (REGARDS) study.

Study participants

The REGARDS study is a population-based investigation of stroke incidence among US
adults =45 years of age.1* The study was designed to oversample African Americans and to
provide approximate equal representation of men and women. By design, 56% (goal 50%)
of the sample was recruited from the eight southern US states, commonly referred to as the
“stroke buckle” (coastal North Carolina, South Carolina, and Georgia) and “stroke belt”
(remainder of North Carolina, South Carolina, and Georgia as well as Alabama, Mississippi,
Tennessee, Arkansas, and Louisiana), with the remaining 44% of the sample recruited from
the rest of the continental US. Overall, 30,239 African-American and white US adults were
enrolled between January 2003 and October 2007. We limited this analysis to the
participants with an eGFR <60 ml/min/1.73m? who were not receiving renal replacement
therapy at baseline (n = 3,201). We excluded participants who were missing data on SBP or
DBP (7= 11) or other covariates (= 272). After these exclusions, 2,772 participants were
included in all analyses. The REGARDS study protocol was approved by the Institutional
Review Boards governing research in human subjects at the participating centers and all
participants provided informed consent.
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Data collection

BP

Trained interviewers conducted computer assisted telephone interviews to obtain
information on participants’ demographics, current cigarette smoking, physical activity,
alcohol intake, annual household income, education, and self-report of prior diagnoses of
major co-morbid conditions including diabetes and myocardial infarction.

Trained health professionals conducted in-home study visits that included a physical
examination and the collection of blood and urine samples. Diabetes was defined as a serum
glucose =126 mg/dl for participants who had fasted =8 h before their study visit, serum
glucose =200 mg/dl for those who had not fasted, or self-report of a prior diagnosis of
diabetes with current use of insulin or oral hypoglycemic medications. High-sensitivity C-
reactive protein was measured using a high-sensitivity particle-enhanced
immunonephelometric assay. High-density lipoprotein (HDL) cholesterol was measured
using colorimetric reflectance spectrophotometry. Waist circumference was measured mid-
way between the lowest rib and the iliac crest using a tape measure with participants
standing. A history of cardiovascular disease was defined based on a self-reported history of
myocardial infarction or coronary revascularization (coronary angioplasty or bypass
surgery) or stroke.

Using isotope-dilution mass spectrometry-traceable serum creatinine, eGFR was calculated
using the Chronic Kidney Disease Epidemiology Collaboration equation.1>:16 Reduced
eGFR was defined as levels <60 ml/min/1.73m2. Using a random spot urine collection,
albuminuria was calculated as the ratio of urinary albumin concentration to urinary
creatinine concentration.1’

During the in-home examination, BP was measured two times by a trained technician
following a standardized protocol and regularly tested aneroid sphygmomanometer
(American Diagnostic, Hauppauge, NY). Participants were asked to sit for 3 min with both
feet on the floor before the BP measurement. Where possible, blood pressures were taken in
the left arm and a large size cuff was used if the arm circumference was >13 inches. Both
the cuff bladder width and pulse obliteration level were recorded. The cuff was inflated to
20 mm Hg above the pulse obliteration level and slowly deflated (~2 mm Hg/s). This
process was repeated to obtain the second blood pressure on the same arm. A 30-s rest
occurred between BP measurements. BP quality control was monitored by central
examination of digit preference and retraining of technicians took place as necessary. The
two BP measurements were averaged for the current analyses.18

Study outcome

ESRD subsequent to the REGARDS study inhome examination and through 31 August
2009 was assessed via linkage with the United States Renal Data System (USRDS). The
USRDS is a registry of ESRD and records over 95% of incident ESRD cases in the United
States. Time to ESRD was recorded as the number of days between a participant’s baseline
examination and the date of initiation of renal replacement therapy recorded in the USRDS.
Participants who did not develop ESRD were censored on their date of death or the end of
follow-up (31 August 2009), whichever occurred first.

Statistical analyses

Baseline characteristics were calculated for REGARDS study participants with an eGFR
<60 ml/min/1.73m2. The incidence rate of ESRD was calculated by a priori selected levels
of SBP (<120, 120-129, 130-139, and =140 mm Hg), DBP (<70, 70-79, 80-89, and =90
mm Hg), PP (<45, 45-54, 55-64, and =65 mm Hg) and MAP (<86, 86-93, 93-100, and
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2100 mm Hg). Hazard ratios (HR) for ESRD associated with these BP levels were
calculated using Cox proportional hazard regression models after initial adjustment for age,
race, sex, and geographic region. Subsequent models included additional adjustment for
current smoking, physical activity, annual household income, waist circumference, high-
sensitivity C-reactive protein, history of cardiovascular disease, diabetes, HDL cholesterol,
antihypertensive medicine use, and eGFR. To explore further, the association of each BP
index with ESRD, we calculated the multivariable adjusted HR for ESRD associated with
SBP, DBP, PP and MAP, modeled as continuous variables. First, these associations were
assessed using multivariable adjusted restricted quadratic splines. Next, each of the BP
indexes were modeled to reflect one standard deviation higher level (18 mm Hg for SBP, 11
mm Hg for DBP, 15 mm Hg for PP, and 11 mm Hg for MAP). Single BP indexes were
included in multivariable adjusted regression models, separately. Also, combinations of two
BP indexes were included in multivariable adjusted regression models simultaneously (i.e.,
SBP and DBP, SBP and PP, SBP and MAP, and DBP and PP, DBP and MAP, PP and
MAP). To determine the consistency of the relationships detected in the multivariable
adjusted models, the HR for ESRD associated with SBP, modeled as a continuous variable,
was calculated in models stratified by age (<65 and =65 years), sex, race, diabetes,
antihypertensive medication use, eGFR (30 to <60 and <30 ml/min/1.73 m2), and level of
albuminuria (<300 and =300 mg/g). Multiplicative interaction was tested between SBP and
age, sex, race, diabetes, antihypertensive medication use, level of ACR, and eGFR. The
multivariable analysis did not include adjustment for albuminuria because it may be an
intermediate in the pathway between SBP and ESRD. However, to determine the
independent association of SBP on ESRD, we adjusted for albuminuria (<30, 30 to <300 and
= 300 mg/g) in a sensitivity analysis. All analyses were conducted using SAS 9.2 (SAS
Institute, Cary, NC).

Baseline characteristics of the 2,772 study participants with an eGFR <60 ml/min/1.73m?
are presented in Table 1. Overall, 2,542 (91.7%) participants had an eGFR of 30 to <60 and
230 (8.3%) participants had an eGFR <30 ml/min/1.73 m2. The mean + standard deviation
age of REGARDS study participants included in this analysis was 72.1 + 8.7 years, 41.2%
were African-American and 46.4% were men. The mean eGFR was 47.3 = 10.7 ml/min/1.73
m?2. The mean SBP was 130.7 + 17.8 mm Hg, the mean DBP was 74.7 + 10.5 mm Hg, the
mean PP was 56.0 + 15.0 mm Hg and the mean MAP was 93.3 £ 11.3 mm Hg.

Over a median follow-up of 4 years, 138 participants developed ESRD. The incidence rate
of ESRD was increased at higher levels of SBP, DBP, PP, and MAP (Table 2). These
associations remained present after adjustment for age, race, sex, and geographic region of
residence and after further adjustment for current smoking, physical activity, income, waist
circumference, high sensitivity C-reactive protein, history of cardiovascular disease,
diabetes, HDL-cholesterol, antihypertensive medication use, and eGFR. Higher levels of
each BP index were associated with increased HRs when modeled as continuous variables
using restricted quadratic splines (Figure 1).

After full multivariable adjustment, each standard deviation higher SBP was associated with
a HR for ESRD of 1.67 (95% confidence intervals (Cl): 1.43-1.96; Table 3). The analogous
HRs for a one standard deviation higher DBP, PP, and MAP were 1.38 (95% CI 1.16-1.63),
1.50 (95% ClI: 1.27-1.78), and 1.54 (95% CI 1.32-1.79), respectively. In models that
included SBP and DBP, SBP and PP, and SBP and MAP simultaneously, SBP but not the
other BP indexes was significantly associated with an increased HR for ESRD. Data from
models including DBP and PP, DBP and MAP, and PP and MAP, simultaneously, are
shown in Supplementary Table S1 online.
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After multivariable adjustment, higher SBP was associated with an increased multivariable
adjusted HR for ESRD for individuals <65 and =65 years of age, men and women, African
Americans, individuals with and without diabetes, taking antihypertensive medication, with
an ACR <300 mg/g and ACR =300 mg/g, and with an eGFR of 30 to <60 ml/min/1.73 m?2
and an eGFR <30 ml/min/1.73 m? (Figure 2). Although increased HRs for ESRD were
present for whites and individuals not taking antihypertensive medications, the 95% Cl in
these subgroups included one. Multiplicative interaction was not present between SBP and
age, sex, race, diabetes, antihypertensive medication use, level of ACR, or eGFR (each ~-
interaction > 0.1).

Sensitivity analysis

After adding albuminuria to the full multivariable adjusted model, each standard deviation
higher SBP (18 mm Hg) was associated with a HR for ESRD of 1.44 (95% ClI: 1.21-1.70).
After further adjustment for DBP, PP, or MAP, each in separate models, the HR for ESRD
associated with one standard deviation higher SBP was 1.42 (95% CI: 1.16-1.74), 1.47
(95% CI: 1.11-1.96), and 1.39 (95% CI: 1.00-1.94), respectively.

Discussion

In the present study, a strong and graded association between SBP and risk for ESRD was
present among individuals with an eGFR <60 ml/min/1.73m2. This association remained
present after multivariable adjustment including antihypertensive medication use as well as
DBP, PP, or MAP. Higher levels of DBP, PP, and MAP were associated with increased HRs
for ESRD in multivariable adjusted models. However, these associations were attenuated
and no longer statistically significant after adjustment for SBP.

Hypertension is very common among individuals with CKD. The prevalence of
hypertension was 86% among individuals with an eGFR between 20 and 70 ml/min/1.73 m?
in the Chronic Renal Insufficiency Cohort study.1® In Chronic Renal Insufficiency Cohort
study, 41% of participants had a SBP 2140 mm Hg compared with only 9% with DBP =90
mm Hg. In addition, among 3,213 participants of the National Health and Nutrition Survey
1999-2004 with eGFR <60 ml/min/1.73 m2 or an albumin-to-creatinine ratio =30 mg/g,
Peralta et a/20 identified a high rate of uncontrolled BP, primarily as a result of elevated
SBP levels.

Elevated SBP has been associated with an increased risk of incident ESRD in previous
studies. For example, Klag er a/.?! found a strong, graded and continuous association
between SBP and ESRD risk over an average of 16 years among 332,544 men ages 35-57
years screened for the Multiple Risk Factor Intervention Trial. However, serum creatinine
was not available in individuals screened for Multiple Risk Factor Intervention Trial and it is
unclear whether those who developed ESRD had CKD at baseline. Hsu et a/22 observed a
graded and continuous association between SBP and ESRD risk among a cohort of 316,675
members of Kaiser Permanente of Northern California, a health care delivery system, with
eGFR 260 ml/min/1.73 m2 who participated in health check-ups from 1964 to 1985. The
association between SBP and ESRD risk among individuals with an eGFR <60 ml/min/1.73
m? was not reported. Agarwal et a/23 identified an association between SBP and risk for
ESRD among 220 veterans with reduced renal function followed over 6 years. This study
extends these prior results to a contemporary cohort and highlights the importance of SBP
on ESRD risk among a population-based sample of individuals with CKD.

Previous studies have investigated the association between different BP indexes, with renal
function decline and incident ESRD.24-27 Young et a/.28 found that SBP maintained the
strongest association with a decline in kidney function among 2,181 men and women over
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age 65 with isolated systolic hypertension participating in the placebo arm of the Systolic
Hypertension in the Elderly Program. Reynolds er /2% compared the association of SBP,
DBP, and PP with the risk of ESRD in a study of 158,365 Chinese men and women =40
years. Similar to our findings, SBP remained a risk factor for ESRD after adjustment for
DBP and PP. However, information on baseline kidney disease status, eGFR or albuminuria,
was not available.

In a secondary analysis of the Reduction of Endpoint in NIDDM with Angiotensin 11
Antagonist Losartan (RENAAL) study, Bakris and colleagues investigated the association
between SBP, DBP and PP, with renal function decline, incident ESRD and composite
outcome of ESRD and death.30 In this study of patients with type 2 diabetes associated
nephropathy, SBP and PP had a strong and graded association with renal function decline
and were better predictors for each outcome than DBP. After adjustment for SBP, PP
remained associated with the composite outcome of ESRD and death while SBP was not
associated with this outcome after adjustment for PP. In this study, PP was not associated
with ESRD risk after adjustment for SBP. The discrepant findings may be a result of several
differences between the populations enrolled in Reduction of Endpoint in NIDDM with
Angiotensin Il Antagonist Losartan study and REGARDS. The Reduction of Endpoint in
NIDDM with Angiotensin 1l Antagonist Losartan study population was younger, limited to
patients with diabetes and albuminuria, and had higher mean SBP, DBP, and PP levels. The
REGARDS study includes a population-based sample of individuals with reduced eGFR and
may better reflect the association between BP indexes and ESRD risk in the general
population.

A few randomized clinical trials have compared different BP targets on the progression of
renal disease in individuals with CKD. Wright et a/3! found participants randomized to
MAP goals of 102 to 107 or to 92 mm Hg or less had similar rates of renal function decline
among 1094 African Americans with hypertensive renal disease and eGFR levels between
20 and 65 ml/min/1.73 m? in the African-American Study of Kidney Disease trial. Among
850 participants in the Modification of Diet in Renal Disease study, the rate of decline in
renal function was similar among participants randomized to a MAP <92 mm Hg vs. <107
mm Hg.32 The National Institutes of Health recently launched the Systolic Blood Pressure
Intervention Trial which will compare the benefits of a SBP target <120 mm Hg
(intervention) vs. <140 mm Hg (usual care) on outcomes including renal disease progression
and ESRD incidence. As designed, approximately 30% of Systolic Blood Pressure
Intervention Trial participants will have an eGFR <60 ml/min/1.73 m2. Although the present
study identified a greater than threefold higher ESRD risk associated with SBP =140 mm Hg
vs. <120 mm Hg, Systolic Blood Pressure Intervention Trial will provide important data on
the benefits of lowering SBP to <120 mm Hg on outcomes among individuals with reduced
eGFR.

The results of the present study need to be considered in the context of potential and known
limitations. Serum creatinine was only available from a single baseline visit and we were
unable to evaluate the association between BP indexes and the progression of CKD. BP was
measured two times on a single occasion. Also, the present study is observational and the
causality of the relationships detected could not be determined. Another limitation is a
relatively low number of ESRD cases. Therefore, some results in subgroup analysis were not
statistically significant. This study also has several strengths. These include its recruitment
of a population-based sample from across the United States with oversampling of African-
Americans, a population with a high burden of ESRD. The REGARDS study included a
stringent quality control process, standardized criteria and protocols for assessing BP and
eGFR which should limit potential bias. In addition, ESRD cases were identified through
linkage with the USRDS which has been shown to maintain high-sensitivity and
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specificity.33 In the present study of individuals with reduced eGFR, SBP maintained a
strong, graded association with risk for ESRD. This association was independent of DBP,
PP, or MAP and use of antihypertensive medication. In contrast, DBP, PP, and MAP were
not significantly associated with ESRD after adjustment for SBP. These data support further
studies of interventional strategies that focus on the control of elevated SBP to reduce ESRD
incidence among individuals with reduced eGFR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Multivariable adjusted hazard ratios for end-stage renal disease associated with systolic
blood pressure, diastolic blood pressure, pulse pressure, and mean arterial pressure. Black
line represents the hazard ratio, gray area is the 95% confidence interval. Bars represent the
percentage of the population. Hazard ratios are adjusted for age, race, sex, geographic region
of residence, current smoking, physical activity, income, waist circumference,
highsensitivity C-reactive protein, history of cardiovascular disease, diabetes, high-density
lipoprotein-cholesterol, antihypertensive medication use, and estimated glomerular filtration
rate.
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Hazard ratios for developing end-stage renal disease associated with one standard deviation
higher systolic blood pressure (18 mm Hg) in subgroups of REasons for the Geographic and
Racial Differences in Stroke (REGARDS) study participants with an estimated glomerular
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filtration rate (eGFR) <60 ml/min/1.73 m2. Hazard ratios (HRs) are adjusted for age, race,
seX, geographic region of residence, current smoking, physical activity, income, waist
circumference, high-sensitivity C-reactive protein, history of cardiovascular disease,
diabetes, high-density lipoprotein-cholesterol, antihypertensive medication use, and
estimated glomerular filtration rate.
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Table 1
Baseline characteristics of REGARDS study participants with an estimated glomerular filtration rate <60 ml/
min/1.73m2
Characterigtic Mean (standard deviation)@ or percentage (n = 2,772)
Age (years) 72.1(8.7)
African American (%) 41.2
Men (%) 46.4
Geographic region of residence (%)
Stroke belt 329
Stroke buckle 21.0
Other 46.1
Current smoking (%) 10.5
Physically inactive (%) 54.7
Household income <$20,000 per year (%) 24.2
Waist circumference (cm) 98.6 (15.4)
HDL-cholesterol (mg/dl) 48.5 (16.0)
High-sensitivity C-reactive protein (mg/I)@ 28(1.2-6.4)
History of cardiovascular disease (%) 321
History of diabetes (%) 33.9

Albumin-to-creatinine ratio (mg/g)?

14.3 (6.2-63.6)

Estimated GFR (ml/min/1.73m?) 47.3(10.7)
Antihypertensive medication use 79.8

Systolic blood pressure (mm Hg) 130.7 (17.8)
Diastolic blood pressure (mm Hg) 74.7 (10.5)
Pulse pressure (mm Hg) 56.0 (15.0)
Mean arterial pressure (mm Hg) 93.3 (11.3)

HDL, high-density lipoprotein; GFR, glomerular filtration rate; REGARDS, REasons for the Geographic and Racial Differences in Stroke.

a. . . . . . . .
Median (25th-75th percentiles) are presented for C-reactive protein and albumin-tocreatinine ratio.
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Table 3

Hazard ratios for incident ESRD associated with one standard deviation higher systolic blood pressure,
diastolic blood pressure, pulse pressure and mean arterial pressure in REGARDS study participants with an

estimated glomerular filtration rate <60 ml/min/1.73 m?

Blood pressure component Model 18 Modd 2P

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Single components

Hazard ratio (95% CI)

Hazard ratio (95% Cl)

SBP (18 mm Hg)

1.70 (1.48-1.96)

1.67 (1.43-1.96)

DBP (11 mm Hg)

1.26 (1.07-1.49)

1.38 (1.16-1.63)

PP (15 mm Hg)

1.67 (1.45-1.94)

1.50 (1.27-1.78)

MAP (11 mm Hg)

1.47 (1.28-1.69)

1.54 (1.32-1.79)

Two components

Hazard ratio (95% CI)

Hazard ratio (95% CI)

SBP and DBP

SBP (18 mm Hg)

1.86 (1.56-2.21)

1.65 (1.35-2.01)

DBP (11 mm Hg)

0.85 (0.70-1.04)

1.03 (0.84-1.26)

SBP and PP

SBP (18 mm Hg)

1.43 (1.11-1.85)

1.73 (1.32-2.26)

PP (15 mm Hg)

1.24 (0.95-1.62)

0.96 (0.73-1.27)

SBP and MAP

SBP (18 mm Hg)

2.12 (1.57-2.85)

1.61 (1.16-2.23)

MAP (11 mm Hg)

0.79 (0.59-1.05)

1.04 (0.77-1.42)

ESRD, end-stage renal disease; DBP, diastolic blood pressure; HDL, high-density lipoprotein; MAP, mean arterial pressure; PP, pulse pressure;

REGARDS, REasons for the Geographic and Racial Differences in Stroke; SBP, systolic blood pressure.

aModeI 1, adjusted for age, race, sex, and geographic region of residence.

Model 2, adjusted for age, race, sex, geographic region of residence, current smoking, physical activity, income, waist circumference, high-

sensitivity C-reactive protein, history of cardiovascular disease, diabetes, HDL-cholesterol, antihypertensive medication use and estimated
glomerular filtration rate.
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