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Time-Varying Association of Individual BP Components
with eGFR in Late-Stage CKD
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Abstract
Background and objectives The association of individual BP components with changes in eGFR in patients with
late-stage CKD is unknown. The objectives of our study were to examine the associations of systolic BP, diastolic
BP, and pulse pressure with continuous temporal changes in eGFR and an eGFR decline $30% in late-stage CKD.
Design, setting, participants, & measurements We performed a retrospective cohort study (2010–2015) of patients
with CKD in a multidisciplinary CKD clinic with an eGFR#30. The associations of repeat measures of BP (systolic
BP, diastolic BP, and pulse pressure) with eGFR were examined using general linear mixed models. The
associations of BP components and eGFR decline $30% were examined with time-varying Cox models.
Results In total, 1203 patients were followed for a median of 548 days (interquartile range, 292–913), with an
average of 6.7 visits and BP measures per patient. Mean baseline systolic BP, diastolic BP, pulse pressure, and eGFR
were 139.2 mmHg, 73.2 mmHg, 64.9 mmHg, and 16.8 ml/min, respectively. Systolic BP and diastolic BP measures
over time were statistically signiﬁcantly associated with changes in eGFR (P,0.001), whereas pulse pressure was
not. Patients with extremes of systolic BP (,105 or .170) and high diastolic BP (.90) measures were at a higher risk
of GFR decline $30% (systolic BP ,105: hazard ratio, 1.51; 95% conﬁdence interval, 0.98 to 2.34; systolic BP .170:
hazard ratio, 1.62; 95% conﬁdence interval, 1.05 to 2.49; referent systolic BP =121–130; diastolic BP =81–90: hazard
ratio, 1.40; 95% conﬁdence interval, 0.99 to 1.86; diastolic BP .90: hazard ratio, 1.83; 95% conﬁdence interval, 1.21
to 2.77; referent diastolic BP =61–70). The ﬁndings were consistent after multiple sensitivity analyses. Pulse
pressure was not signiﬁcantly associated with risk of eGFR decline.
Conclusions In patients referred to a multidisciplinary care clinic with late-stage CKD, only extremes of systolic BP
and elevations of diastolic BP were associated with eGFR decline.
Clin J Am Soc Nephrol 12: 904–911, 2017. doi: https://doi.org/10.2215/CJN.05640516

Introduction
Elevated BP is a well established risk factor for CKD
progression (1). Randomized, controlled trials and
observational studies consistently show that BP above
recommended targets increases the risk of adverse
outcomes (2–10). Despite evidence for BP control,
considerable uncertainty still exists in patients with
stage 4/5 CKD, because they are often excluded from
trials or if included, present only in small numbers
(8,9,11). Additionally, the model of care has changed
with the introduction of widely available multidisciplinary CKD clinics. Whether this inﬂuences the
relationship between BP control and the progression
of CKD remains unknown. Indeed, evidence to date
focuses on ESRD as opposed to declines in GFR.
Understanding the role of BP in CKD progression is
important. Declining GFR is not only associated with
ESRD but also, associated with higher mortality,
cardiac events, infection, and hospitalizations (12).
Moreover, in an era of the late-stage CKD population
becoming increasingly elderly, a signiﬁcant proportion of patients may not choose dialytic therapies and
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instead, may opt for conservative care (13,14). Examining the role of elevated BP may aid in determining
optimal targets in late-stage CKD to retard progression
of CKD and avoid complications associated with
declining GFR.
Few studies have examined the speciﬁc associations
of BP on changes in GFR accounting for repeat
measures (time varying) (2,6). Changes in numerous
clinical and laboratory factors, such as albumin, proteinuria, serum phosphate, and BP measures, have
been associated with ESRD and may affect the decline
in GFR in late-stage CKD (2,15–17). Recently, the
Chronic Renal Insufﬁciency Cohort (CRIC) showed a
dramatic alteration in the risk of ESRD by accounting
for repeat time-varying factors (6).
To address these knowledge gaps, we set out to
examine the time-varying associations of BP indexes
(systolic BP [SBP], diastolic BP [DBP], and pulse
pressure [PP]) with eGFR in patients with stage 4/5
CKD managed in a multidisciplinary clinic. Specifically, we examined the associations of SBP, DBP
and PP with changes in eGFR over time as well as
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their association with time to decline $30% in late-stage
CKD.

Materials and Methods
Study Cohort
This is a retrospective cohort study of patients who were
followed in a multidisciplinary tertiary care hospital CKD
clinic from January of 2010 to November of 2015 (18). The
tertiary care specialty CKD clinic serves a catchment area of
approximately 1.2 million individuals in Ottawa, Canada.
The ﬁrst clinic visit was deemed the date of study entry.
Patients are seen in the clinic regularly, with a frequency
between every 2 weeks and twice per year depending on
clinician perception of need. Referral criteria to the
multidisciplinary tertiary care hospital CKD were (1) a
diagnosis of CKD and (2) an eGFR,30 ml/min per 1.73 m2
or a rapid decline in kidney function (calculated using the
Modiﬁcation of Diet in Renal Disease [MDRD] formula)
(19).
The clinic is staffed by a multidisciplinary team, including physicians, nurses, dietitians, pharmacists, and
social workers specializing in patients approaching ESRD.
Patients are referred to the clinic by their primary nephrologists in anticipation of ESRD. There are standardized
treatment procedures for vaccinations, physician consensus
regarding anemia management, preferred medications, and
BP targets. The study was reviewed and approved by the
Ottawa Health Sciences Network Research Ethics Board.
Data Collection
Data were abstracted from clinical charts and electronic
medical records for all patients by trained personnel
starting in January of 2010. Data are routinely validated by
random audit of 5% of entries every 6 months with .95%
data accuracy (18). Variables collected include demographics
(age and sex), cause of CKD, comorbidities (coronary artery
disease, congestive heart failure, diabetes, malignancy, and
peripheral vascular disease), outcomes with dates (death and
dialysis initiation), longitudinal laboratory measures (hemoglobin, potassium, phosphate, proteinuria, eGFR calculated
by MDRD equation, and albumin), physiologic parameters
(BP and body mass index), and medications.
Outcomes and Exposures
The main predictors of interest were SBP, DBP, and PP.
At each clinic visit, BP was measured once by a trained
nurse using the ausculatory method. BP measurements
were made with patients in the sitting position after 15
minutes of rest with an appropriately ﬁtted BP cuff and the
cuff placed directly on the skin. The main outcomes of
interest for this study were (1) change in eGFR and (2)
eGFR decline $30% from baseline. Change in eGFR (in
milliliters per minute per 1.73 m2) was examined using
repeated measures of eGFR analyzed as a continuous
variable. eGFR decline $30% was examined as the time to
decline of $30% from baseline analyzed as a categorical
variable. The eGFR was measured at each study visit and
calculated by the four-variable MDRD equation (19). Demographics and comorbidities (coronary artery disease,
congestive heart failure, malignancy, peripheral vascular
disease, and diabetes mellitus) were obtained by clinical
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history of a previous diagnosis. Cause of CKD was on the
basis of the responsible nephrologists’ diagnosis.
Statistical Analyses
Baseline descriptive statistics for the total analytic cohort
classiﬁed by any eGFR decline of $30% are presented as
mean and SD for continuous variables and frequency and
proportion for categorical variables. Because proteinuria
measures available were 24-hour urine collections, albumin-to-creatinine ratio (ACR), or protein-to-creatinine ratio, we categorized proteinuria as minimal (ACR,30 mg/g,
protein-to-creatinine ratio ,27 mg/g, or 24-hour urine
protein ,0.03 g/d), mild (ACR=30 to ,150 mg/g, proteinto-creatinine ratio =27 to ,120 mg/g, or 24-hour urine
protein =0.03–0.3 g/d), moderate (ACR=150–350 mg/g,
protein-to-creatinine ratio =120–300 mg/g, or 24-hour
urine protein =0.3–3 g/d), or severe (ACR.350 mg/g,
protein-to-creatinine ratio .300 mg/g, or 24-hour urine
protein .3 g/d). If multiple proteinuria measures were
available at the same visit, the lowest value was used.
Baseline differences between groups were tested using chisquared tests for categorical variables and two-sample
t tests for continuous variables. The time-varying associations between the predictors SBP, DBP, and PP and the
outcome (continuous eGFR) were analyzed using separate
general linear mixed effects regression models estimated
using Restricted Maximum Likelihood (20). Fixed effects of
interest in each model were time deﬁned in years since the
ﬁrst clinic visit; continuous measures of SBP, DBP, and PP;
and their interactions with time. To allow for nonlinear
trends in eGFR, time was modeled using restricted cubic
splines, with ﬁve knots ﬁtted at the 5th, 25th, 50th, 75th,
and 95th percentiles of time corresponding to values of 1, 48,
168, 411, and 952 days, respectively. Additional statistical
methods details are presented in Supplemental Material. To
avoid exclusion of participants due to missing covariates,
multiple imputation was performed before analysis using a
Markov Chain Monte Carlo algorithm (the data augmentation algorithm) (21). To illustrate the associations of individual BP components with eGFR over time, modeled eGFR
trajectories were plotted with BP variables set at the 5th, 50th,
and 95th percentiles (SBP: 105, 140, and 170, respectively;
DBP: 50, 70, and 90, respectively; and PP: 35, 60, and 100,
respectively) (20). All remaining continuous covariates were
set to their median values, whereas categorical covariates
were set to their mode. The association of SBP, DBP, and PP
with time to eGFR decline $30% was examined using Cox
proportional hazards models for all participants (n=1203).
For simplicity of interpretation, BP components were categorized at approximately the 5th, 25th, 50th, 75th, and 95th
percentiles and modeled at baseline on cohort entry and with
time-updated values. Patients were censored at study end
(n=287), at ESRD (n=540), at death (n=141), at loss to followup (n=20), if they moved out of the province (n=33), or if they
received a preemptive transplant (n=8). All statistical analyses were conducted using SAS v.9.4.

Results
Study Cohort
Our analytic cohort included n=1203 adult patients
(.18 years old) for a total of 6123 unique observations
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Table 1. Characteristics of the CKD cohort and differences between patients with and without eGFR decline ‡30%

Characteristic
Demographics
Women
Age, yr
Body mass index, kg/m2
Cause of CKD
Diabetes
Ischemic nephropathy
GN
Other
Comorbidities
Coronary artery disease
Congestive heart failure
Hypertension
Peripheral vascular disease
Hyperlipidemia
Stroke
Diabetes mellitus
Cigarette smoker
Malignancy
ACE/ARB
Laboratory
Baseline eGFR, ml/min per 1.73 m2
Bicarbonate, mEq/L
Albumin, g/dl
Hemoglobin, g/L
Potassium, mEq/L
Phosphate, mg/dl
Proteinuria categories
Minimal
Mild
Moderate
Severe
Mean baseline SBP, mmHg
Distribution of baseline SBP (%, N)
SBP#120
SBP 121–139
SBP$140
Mean SBP over time, mmHg
Mean baseline DBP, mmHg
Distribution of baseline DBP (%, N)
DBP#60
DBP 61–89
DBP$90
Mean DBP over time, mmHg
Mean baseline PP, mmHg
Distribution of baseline PP (%, N)
PP#50
PP 51–69
PP$70
Mean PP over time, mmHg

n=1203

eGFR Decline
$30%, n=494

No eGFR Decline
$30%, n=709

40.6 (489)
65.9 SD 14.9
30.1 SD 7.0

37.9 (187)
62.7 SD 15.1
29.8 SD 6.7

42.6 (302)
68.2 SD 14.3
30.3 SD 7.3

33.5 (403)
18.7 (225)
14.0 (168)
33.8 (406)

41.1 (203)
12.3 (61)
18.8 (93)
27.7 (137)

28.2 (200)
23.1 (164)
10.6 (75)
38.1 (270)

33.2 (399)
27.3 (328)
92.8 (1116)
19.5 (234)
73.9 (889)
13.8 (166)
59.6 (717)
14.3 (172)
14.4 (172)
51.9 (624)

29.8 (147)
21.9 (108)
94.7 (468)
18.8 (93)
73.7 (364)
11.3 (56)
59.1 (292)
15.2 (76)
11.7 (58)
56.7 (280)

35.5 (252)
31.0 (220)
91.4 (648)
19.9 (141)
74.0 (525)
15.5 (110)
59.9 (425)
13.7 (96)
16.1 (114)
48.5 (344)

0.04
,0.001
0.03
0.66
0.89
0.04
0.81
0.45
0.04
0.01

16.8 SD 5.5
23.8 SD 4.5
3.6 SD 0.6
11.0 SD 1.6
4.6 SD 0.6
4.3 SD 0.9

14.8 SD 4.0
23.4 SD 3.6
3.5 SD 0.6
11.1 SD 1.6
4.6 SD 0.6
4.3 SD 0.9

18.2 SD 5.9
24.1 SD 5.0
3.6 SD 0.6
11.0 SD 1.6
4.5 SD 0.6
4.3 SD 0.9

,0.001
0.03
0.03
0.06
0.06
0.43
,0.001

24.3 (212)
25.9 (226)
25.9 (226)
25.9 (226)
139.2 SD 21.6

13.0(49)
34.5 (130)
28.9 (109)
34.5 (130)
141.1 SD 21.7

32.9 (163)
19.4 (96)
23.6 (117)
19.4 (96)
136.0 SD 21.3

20.9 (234)
35.6 (398)
43.5 (487)
134.7 SD 13.6
73.2 SD 12.6

17.3 (81)
31.6 (148)
51.1 (239)
137.8 SD 15.2
75.2 SD 12.2

23.5 (153)
38.4 (250)
38.1 (248)
134.4 SD 14.2
71.7 SD 12.8

17.5 (195)
72.6 (811)
9.9 (111)
70.3 SD 7.9
64.9 SD 19.4

12.0 (56)
76.0 (355)
12.0 (56)
72.5 SD 9.5
65.9 SD 20.1

21.4 (139)
70.2 (456)
8.5 (55)
70.1 SD 9.0
64.3 SD 18.8

26.4 (295)
35.5 (396)
38.1 (426)
64.4 SD 11.2

25.9 (121)
33.4 (156)
40.7 (190)
65.3 SD 15.6

26.8 (174)
36.9 (240)
36.3 (236)
64.3 SD 14.6

P Value

0.11
,0.001
0.18
,0.001

,0.001
0.001
,0.001
,0.001
,0.001
,0.001
0.18
0.44
0.13

Values are presented as mean with SD or percentage and frequency. Missing total data (eGFR: 1.2%, SBP: 3.3%, DBP: 3.6%, PP: 3.6%,
hemoglobin: 2.1%, potassium: 0.8%, bicarbonate: 5.1%, albumin: 6.4%, phosphate: 4.8%, and proteinuria: 19.2%). ACE/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; SBP, systolic BP; DBP, diastolic BP; PP, pulse pressure.

(Supplemental Figure 1). Study exclusions were patients
followed for ,30 days (n=6 patients and 11 observations)
and observations after 4 years (143). The median follow-up
time was 548 days (interquartile range, 292–913), and time
between visits was 101 (range =30–727). The mean (range)

of number of BP measures per patient was 6.7 (1–17).
Among the participants, 85.1% had data up to 6 months,
67.6% had data up to 1 year, and 33.9% had data for
up to 2 years. The median eGFR at ﬁrst clinic visit was
17.4 ml/min per 1.73 m2 (interquartile range, 14.3–21.1),
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Models are adjusted for age at cohort entry, sex, and baseline comorbidities (coronary artery disease, congestive heart failure, malignancy, hypertension, peripheral vascular disease, diabetes, and
angiotensin-converting enzyme inhibitor/angiotensin receptor blocker use) as well as repeat measures of hemoglobin, albumin, phosphate, potassium, bicarbonate, and proteinuria. eGFR is in
milliliters per minute per 1.73 m2. SBP, systolic BP; DBP, diastolic BP; PP, pulse pressure.
a
P values represent statistical signiﬁcance testing of likelihood ratios for models containing nonlinearity terms for time compared with linearity terms for time.
b
P values represent statistical signiﬁcance testing of likelihood ratios for models containing terms for interactions with BP and time compared with no interactions.

,0.001
,0.001

Intercept
SBP
SBP31–48 d
SBP349–168 d
SBP3169–411 d
SBP3411–952 d
P value for
nonlinearitya
P value for interactionb

15.54
20.02
0.14
26.97
10.22
23.50

,0.001

0.49

,0.001
0.24
0.34
0.26
0.24
0.20
Intercept
PP
PP31–48 d
PP349–168 d
PP3169–411 d
PP3411–952 d
Intercept
DBP
DBP31–48 d
DBP349–168 d
DBP3169–411 d
DBP3411–952 d
,0.001
,0.001
0.004
0.02
0.02
0.04

15.34
20.06
0.32
13.08
18.49
25.43
,0.001

,0.001
,0.001
,0.001
0.01
0.02
0.06

15.69
20.01
0.05
23.56
5.51
22.27
,0.001

P Value
Estimate
(Change in eGFR)
Variable
P Value
Estimate
(Change in eGFR)
Variable
P Value
Estimate
(Change in eGFR)
Variable

Table 2. General linear mixed effects regression model of the association between the individual components of BP (systolic BP, diastolic BP, and pulse pressure) and eGFR for splines of time
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with 99% of patients having an eGFR of 30 ml/min per
1.73 m2 or less.
Study Characteristics
Characteristics of study participants are presented in
Table 1. Participants with an eGFR decline $30% were
younger (mean age =63 versus 68 years old) with diabetes
or GN more likely as the cause of CKD and more severe
proteinuria. There was a lower prevalence of a history of
coronary artery disease, congestive heart failure, stroke, and
malignancy among those with eGFR$30% declines. The use of
angiotensin-converting enzyme (ACE) inhibitors or angiotensin
receptor blockers (ARBs) at baseline was more common among
those with an eGFR decline (57% versus 49%). The use of ACE
inhibitors or ARBs decreased over time from baseline use of
51.9%–39.7% on the last clinic visit. The mean baseline bicarbonate and serum albumin were lower among those with an
eGFR$30% decline. The mean baseline eGFR was lower among
those with a decline (14.8 versus 18.2). The mean baseline SBP,
DBP, and PP for the total cohort were 139, 73, and 65 mmHg,
respectively, with SBP and DBP baseline values being significantly higher among those with an eGFR decline $30%. The
SBP, DBP, and PP varied over clinic visits with SDs of 13, 7, and
11 mmHg, respectively. The percentage with baseline SBP$140
was 51.1% versus 38.1% among those with and without $30%
eGFR decline, whereas the percentage with baseline DBP
$90 mmHg was 12.0% versus 8.5% in the two groups.
Time-Varying Associations of BP and eGFR
The crude proportions of extreme BP measures at crosssections of time 0, 6, 12, 18, and 24 months were as
follows: SBP,105 (21.1, 26.3, 27.6, 32.5, and 18.4, respectively), SBP$170 (43.4, 31.5, 34.2, 31.8, and 38.8, respectively), DBP,50 (17.4, 29.9, 26.1, 33.8, and 18.4,
respectively), DBP.90 (9.9, 4.4, 6.1, 1.3, and 8.2, respectively), PP,35 (26.5, 27.6, 27.7, 29.2, and 22.4, respectively),
and PP.100 (38.1, 38.3, 36.2, 35.1, and 32.7, respectively).
The summarized results from the adjusted linear mixed
models are presented in Table 2, with full models presented
in Supplemental Tables 1–3. All BP components (SBP, DBP,
and PP) were nonlinearly associated with eGFR over time
(P,0.001). SBP and DBP were associated with changes in
eGFR (P values of ,0.001 for both) over time, whereas PP
was not (P=0.49). Results were consistent in two sensitivity
analyses: (1) excluding ESRD and patients who died and (2)
excluding the ﬁrst clinic eGFR value (Supplemental Table 4).
The modeled time-varying associations with each BP
component are presented in Figure 1. Overall, the eGFR
declined over time, with sharper periods of decline early after
cohort entry and after roughly 2 years of clinic follow-up.
Patients with higher BP values had higher eGFRs at their
baseline clinic visit. Extremes of BP showed similar trajectories of eGFR decline, with the mean eGFR separations at
3 years between SBP of 170/105, DBP of 90/50, and PP of
100/35 mmHg of 0.40, 1.24, and 1.31 ml/min per 1.73 m2,
respectively. Overall higher BPs were associated with the
largest declines in eGFR after 1–2 years of follow-up.
BP Indices and the Risk of an eGFR Decline >30%
An eGFR decline $30% occurred in 494 (41.4%) of the
study participants during the study period for a crude rate
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Figure 1. | Predicted eGFR trajectories by levels of (A) systolic BP (SBP), (B) diastolic BP (DBP), and (C) pulse pressure (PP) with overlay
distribution of proportion of BP measures over time. (A) The lines indicate the predicted eGFR trajectories at SBPs of 105, 140, and 170 mmHg
(the 5th, 50th, and 95th percentiles, respectively) from a linear mixed model with covariates set to their median values. The shaded areas
represent the distributions of SBP measures (#120, 121–139, and $140) during follow-up. Analysis adjusted for age, sex, cause of CKD,
malignancy, coronary artery disease, congestive heart failure, peripheral vascular disease, diabetes mellitus at baseline, angiotensin-converting
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Table 3. The hazard ratios of categories of systolic BP, diastolic BP, and pulse pressure for eGFR decline ‡30% at the first clinic visit and
time varying

BP Component, mmHg
Systolic BP
(P=0.02c)
,105
105–120
121–130
131–140
141–170
.170
Diastolic BP (P=0.05c)
,50
51–60
61–70
71–80
81–90
.90
Pulse pressure (P=0.80c)
,35
36–50
51–60
60–75
76–100
.100

Baseline
Unadjusted HR
(95% CI)

Baseline
Adjusted HRa
(95% CI)

Time-Varying
Unadjusted HR
(95% CI)

Time-Varying
Adjusted HRb
(95% CI)

0.84 (0.49 to 1.41)
0.95 (0.69 to 1.31)
Referent
1.10 (0.82 to 1.48)
1.31 (1.01 to 1.70)
1.27 (0.88 to 1.84)

0.86 (0.51 to 1.46)
1.02 (0.73 to 1.41)
Referent
1.08 (0.81 to 1.46)
1.24 (0.95 to 1.63)
1.19 (0.81 to 1.75)

1.28 (0.84 to 1.95)
0.79 (0.58 to 1.05)
Referent
1.12 (0.87 to 1.46)
1.46 (1.15 to 1.84)
2.41 (1.62 to 3.60)

1.51 (0.98 to 2.34)
0.85 (0.62 to 1.15)
Referent
1.07 (0.81 to 1.41)
1.14 (0.88 to 1.48)
1.62 (1.05 to 2.49)

0.47 (0.22 to 1.00)
0.77 (0.55 to 1.06)
Referent
1.04 (0.82 to 1.32)
1.25 (0.97 to 1.60)
1.20 (0.84 to 1.72)

0.55 (0.26 to 1.17)
0.94 (0.67 to 1.31)
Referent
0.96 (0.76 to 1.23)
1.06 (0.81 to 1.40)
0.91 (0.62 to 1.33)

0.89 (0.56 to 1.42)
1.06 (0.83 to 1.36)
Referent
1.21 (0.96 to 1.53)
1.67 (1.28 to 2.18)
2.68 (1.87 to 3.82)

0.93 (0.57 to 1.52)
1.07 (0.83 to 1.39)
Referent
1.06 (0.82 to 1.37)
1.40 (0.99 to 1.86)
1.83 (1.21 to 2.77)

1.13 (0.71 to 1.84)
1.05 (0.79 to 1.41)
Referent
1.06 (0.80 to 1.40)
1.23 (0.94 to 1.63)
1.16 (0.73 to 1.84)

0.91 (0.56 to 1.49)
0.98 (0.73 to 1.31)
Referent
1.07 (0.80 to 1.41)
1.24 (0.93 to 1.66)
1.30 (0.81 to 2.08)

1.30 (0.82 to 2.08)
1.03 (0.78 to 1.36)
Referent
1.15 (0.88 to 1.50)
1.45 (1.11 to 1.88)
1.17 (0.69 to 1.97)

1.36 (0.83 to 2.24)
1.07 (0.79 to 1.44)
Referent
1.13 (0.85 to 1.50)
1.19 (0.89 to 1.59)
1.09 (0.60 to 1.97)

HR, hazard ratio; 95% CI, 95% conﬁdence interval.
a
Data were adjusted for age, sex, cause of CKD, malignancy, coronary artery disease, congestive heart failure, peripheral vascular
disease, diabetes mellitus, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker use, and baseline measures of
hemoglobin, bicarbonate, phosphate, potassium, albumin, and proteinuria. Number of events (GFR decline $30%) =494.
b
Data were adjusted for age, sex, cause of CKD, malignancy, coronary artery disease, congestive heart failure, peripheral vascular
disease, diabetes mellitus, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker use, and time-updated measures of
hemoglobin, bicarbonate, phosphate, potassium, albumin, and proteinuria.
c
P value represents the association of each BP component over time modeled as a continuous variable.

of 34.5/100 patient-years. Crude and adjusted hazard
ratios (HRs) for the risk of an eGFR decline $30% by
categorical BP components at baseline and when using
time-varying associations are presented in Table 3. In the
adjusted analyses, baseline SBP (P=0.44), DBP (P=0.39),
and PP (P=0.41) were not signiﬁcantly associated with the
risk of an eGFR decline .30%. After accounting for these
variables as time-varying associations, however, a significant association was observed for SBP (P=0.02), and a
borderline signiﬁcance was observed for DBP (P=0.05). For
SBP, a U-shaped relationship was observed, with a higher

hazard at both extremes of SBP,105 (HR, 1.51; 95%
conﬁdence interval [95% CI], 0.98 to 2.34) and SBP.170
(HR, 1.62; 95% CI, 1.05 to 2.49) compared with a referent
category of SBP=121–130 mmHg. For DBP, there was no
signiﬁcantly higher hazard with low DBP but a graded
higher hazard with elevated DBP (DBP =81–90: HR, 1.40;
95% CI, 0.99 to 1.86; DBP.90: HR, 1.83; 95% CI, 1.21 to 2.77;
referent DBP =61–70 mmHg). Time-varying PP was not
associated with eGFR declines (P=0.80).
To examine the sensitivity of the results to the presence of
patients reaching ESRD or death before an eGFR decline

enzyme (ACE)/angiotensin receptor blocker (ARB) use, and time-updated measures of hemoglobin, bicarbonate, phosphate, potassium, albumin, and proteinuria. (B) The lines indicate the predicted eGFR trajectories at DBPs of 50, 70, and 90 mmHg (the 5th, 50th, and 95th
percentiles, respectively) from a linear mixed model with covariates set to their median values. The shaded areas represent the distributions of
DBP measures (,60, 61–89, and .90) during follow-up. Analysis adjusted for age, sex, cause of CKD, malignancy, coronary artery disease,
congestive heart failure, peripheral vascular disease, diabetes mellitus at baseline, ACE/ARB use, and time-updated measures of hemoglobin,
bicarbonate, phosphate, potassium, albumin, and proteinuria. (C) The lines indicate the predicted eGFR trajectories at PPs of 35, 60, and
100 mmHg (the 5th, 50th, and 95th percentiles, respectively) from a linear mixed model with covariates set to their median values. The shaded
areas represent the distributions of PP measures (,50, 51–69, and .70) during follow-up. Analysis adjusted for age, sex, cause of CKD,
malignancy, coronary artery disease, congestive heart failure, peripheral vascular disease, diabetes mellitus at baseline, ACE/ARB use, and timeupdated measures of hemoglobin, bicarbonate, phosphate, potassium, albumin, and proteinuria.
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(n=494; informative censoring), additional models were
performed (results not shown). Both early and late censoring models for ESRD and mortality did not substantively
alter the results.

Discussion
We found that repeat measures of all individual BP
components (SBP, DBP, and PP) were associated with
eGFR and that these associations changed over time for SBP
and DBP. Higher mean BPs were associated with small
continuous declines in eGFR that were more apparent after
1–2 years of follow-up. Extremes of SBP and elevated DBP
were associated with a higher risk of declines in eGFR$30%.
These ﬁndings were only identiﬁed after accounting for timevarying associations and consistent after accounting for informative censoring. Taken together, these ﬁndings show that
the association of BP and eGFR in late-stage CKD is complex
and only apparent with repeat measures of both BP and eGFR.
Our ﬁndings illustrate that the avoidance of extremes of SBP
and elevations in DBP may retard the loss of eGFR.
The relationship between elevated BP and the risk of
ESRD has been well established (1,22). Our ﬁndings are
consistent with previous reports; however, the association
of BP with eGFR was only detectable at extremes of BP.
This may be due to our cohort or our focus on declines of
eGFR as opposed to the need for dialysis. Dialysis as an
outcome overlooks an important contingent of patients,
speciﬁcally those who choose conservative, nondialytic
care and those with longer time horizons of eGFR decline
who may experience complications. In our cohort, 40% had
not reached an end point after 14 months. Our ﬁndings
suggest that a wider range of BPs with avoidance of
extremes may be safe in CKD with respect to the loss of
eGFR, an observation that warrants further investigation.
Numerous studies have examined the association of BP
and ESRD, but few have examined the associations of BP
with eGFR changes in CKD stage 4/5 (2,5,23–25); de Goeij
et al. (26), examining baseline BP in 547 (mean
eGFR =13.1 ml/min) patients with CKD, showed an
association between elevated SBP and DBP and monthly
eGFR declines. The African American Study of Kidney
Disease and Hypertension randomized, controlled trial
examined usual (141/85 achieved) versus low (128/78)
BP on the slope of eGFR decline in 1094 patients (mean
eGFR =46 ml/min per 1.73 m2) and found no difference in
eGFR decline (11). In a study examining only baseline BP
components in patients with milder degrees of CKD, Rifkin
et al. (27) reported an inverse relationship with elevated
blood components (SBP and PP) and eGFR decline. Similar
to our ﬁndings, they found that SBP had the strongest
association with eGFR decline, and in models adjusting for
all BP components, SBP remained independently associated
with eGFR. Our study examined a larger cohort of patients
with more advanced CKD (mean eGFR =17), incorporated
repeat measures for both BP and eGFR, and lastly, examined the associations of SBP/DBP and eGFR changes over
time. These methodological differences and our study
cohort may explain why we did not show any signiﬁcant
associations with baseline BP measures and eGFR and our
associations were only detected for extremes of SBP and
elevated DBP.

A report from the CRIC illustrated the importance of
time-updated measures of SBP and the risk of ESRD. The
longitudinal-adjusted HR of ESRD for SBP.140 mmHg
was 3.4-fold compared with 1.5-fold when only the baseline SBP was considered (6). Similarly, we showed marked
differences between the associations of baseline measures
of BP and their time-varying associations. The lack of
association between an elevated baseline BP and GFR
declines may reﬂect successful therapeutic interventions or
falsely elevated measures due to measurement error or
white coat effect.
A recent growing body of evidence shows differing
individual eGFR trajectories in late-stage CKD (13,28).
Our study illustrates that BP indices are associated with
differing eGFR trajectories over time but that the clinical
associations may be only modest. Although more variation was observed across levels of DBP and SBP relative
to PP on eGFR trajectories, the overall differences in
eGFR decline over time were small. Furthermore, the
relationship with BP on eGFR over time is nonlinear,
undergoing dynamic changes especially at higher levels
of eGFR.
Strengths of our study include the use of well validated
data, a unique cohort of patients with late-stage CKD
undergoing multidisciplinary care, the use of time-varying
covariates, and eGFR as the study outcome. We modeled
changes in BP using nonlinear methods both continuously
and as a clinically meaningful decline. Our ﬁndings were
consistent and robust in a series of sensitivity analyses
where we accounted for informative censoring after exclusion of patients with ESRD and mortality and exclusion
of the ﬁrst eGFR value at referral. Our study did have some
limitations. Our study did not directly address whether BP
extremes led to eGFR declines or vice versa. It is plausible
that elevations in BP may be leading to eGFR loss or
conversely, that individuals with eGFR loss experience
elevations in BP. There were considerable missing data on
proteinuria (19.2%), although the majority was in patients
with existing measures of ,1 g/d, and low levels of
proteinuria tend to remain stable over time (15). The BPs
were not obtained by 24- or 48-hour ambulatory measures.
They reﬂected pragmatic measures obtained in a clinic setting
and were measured by trained health care workers. There
were relatively few measures at some extremes of BP. There
is a possibility of a referral bias, because physicians or
patients may have declined referral to the CKD clinic, and
they may be more likely to choose conservative therapies. We
only accounted for ACE inhibitors and ARB use and did not
account for all possible antihypertensives. Lastly, we did not
use statistical models that account for time-varying confounding, such as inverse probability of treatment weighting,
that may biased the ﬁndings toward the null.
In conclusion, in patients with late-stage (4/5) CKD
cared for in a multidisciplinary clinic, extremes of SBP and
elevated DBP were associated with steeper declines in
eGFR and a higher risk of an eGFR decline of $30%.
Avoidance of extremes of SBP and elevated DBP may limit
the progression of CKD.
Acknowledgments
M.M.S. is supported by the Jindal Research Chair for the Prevention of Kidney Disease.

Clin J Am Soc Nephrol 12: 904–911, June, 2017

Disclosures
None.
References
1. Kidney Disease Improving Global Outcomes (KDIGO) Blood
Pressure Work Group: KDIGO Clinical Practice Guideline for the
Management of Blood Pressure in Chronic Kidney Disease.
Kidney Int Suppl 2: 337–414, 2012
2. Kovesdy CP, Lu JL, Molnar MZ, Ma JZ, Canada RB, Streja E,
Kalantar-Zadeh K, Bleyer AJ: Observational modeling of strict vs
conventional blood pressure control in patients with chronic
kidney disease. JAMA Intern Med 174: 1442–1449, 2014
3. Bansal N, McCulloch CE, Rahman M, Kusek JW, Anderson AH,
Xie D, Townsend RR, Lora CM, Wright J, Go AS, Ojo A, Alper A,
Lustigova E, Cuevas M, Kallem R, Hsu CY; CRIC Study Investigators: Blood pressure and risk of all-cause mortality in advanced
chronic kidney disease and hemodialysis: The chronic renal insufficiency cohort study. Hypertension 65: 93–100, 2015
4. Lv J, Ehteshami P, Sarnak MJ, Tighiouart H, Jun M, Ninomiya T,
Foote C, Rodgers A, Zhang H, Wang H, Strippoli GF, Perkovic V:
Effects of intensive blood pressure lowering on the progression of
chronic kidney disease: A systematic review and meta-analysis.
CMAJ 185: 949–957, 2013
5. Kovesdy CP, Bleyer AJ, Molnar MZ, Ma JZ, Sim JJ, Cushman WC,
Quarles LD, Kalantar-Zadeh K: Blood pressure and mortality in U.
S. veterans with chronic kidney disease: A cohort study. Ann Intern
Med 159: 233–242, 2013
6. Anderson AH, Yang W, Townsend RR, Pan Q, Chertow GM, Kusek
JW, Charleston J, He J, Kallem R, Lash JP, Miller ER 3rd, Rahman M,
Steigerwalt S, Weir M, Wright JT Jr, Feldman HI; Chronic Renal
Insufficiency Cohort Study Investigators: Time-updated systolic
blood pressure and the progression of chronic kidney disease: A
cohort study. Ann Intern Med 162: 258–265, 2015
7. Ruggenenti P, Perna A, Loriga G, Ganeva M, Ene-Iordache B,
Turturro M, Lesti M, Perticucci E, Chakarski IN, Leonardis D,
Garini G, Sessa A, Basile C, Alpa M, Scanziani R, Sorba G, Zoccali
C, Remuzzi G; REIN-2 Study Group: Blood-pressure control for
renoprotection in patients with non-diabetic chronic renal disease (REIN-2): Multicentre, randomised controlled trial. Lancet
365: 939–946, 2005
8. Cushman WC, Evans GW, Byington RP, Goff DC Jr, Grimm RH Jr,
Cutler JA, Simons-Morton DG, Basile JN, Corson MA, Probstfield
JL, Katz L, Peterson KA, Friedewald WT, Buse JB, Bigger JT,
Gerstein HC, Ismail-Beigi F; ACCORD Study Group: Effects of
intensive blood-pressure control in type 2 diabetes mellitus.
N Engl J Med 362: 1575–1585, 2010
9. Wright JT Jr, Williamson JD, Whelton PK, Snyder JK, Sink KM,
Rocco MV, Reboussin DM, Rahman M, Oparil S, Lewis CE,
Kimmel PL, Johnson KC, Goff DC Jr, Fine LJ, Cutler JA, Cushman
WC, Cheung AK, Ambrosius WT; SPRINT Research Group: A
randomized trial of intensive versus standard blood-pressure
control. N Engl J Med 373: 2103–2116, 2015
10. Xie X, Atkins E, Lv J, Bennett A, Neal B, Ninomiya T, Woodward M,
MacMahon S, Turnbull F, Hillis GS, Chalmers J, Mant J, Salam A,
Rahimi K, Perkovic V, Rodgers A: Effects of intensive blood pressure
lowering on cardiovascular and renal outcomes: Updated systematic review and meta-analysis. Lancet 387: 435–443, 2016
11. Wright JT Jr, Bakris G, Greene T, Agodoa LY, Appel LJ, Charleston J,
Cheek D, Douglas-Baltimore JG, Gassman J, Glassock R, Hebert
L, Jamerson K, Lewis J, Phillips RA, Toto RD, Middleton JP, Rostand
SG; African American Study of Kidney Disease and Hypertension
Study Group: Effect of blood pressure lowering and antihypertensive drug class on progression of hypertensive kidney disease:
Results from the AASK trial. JAMA 288: 2421–2431, 2002
12. United States Renal Data System: USRDS Annual Data Report:
Epidemiology of Kidney Disease in the United States, Bethesda,
MD, National Institutes of Health, 2015
13. Li L, Astor BC, Lewis J, Hu B, Appel LJ, Lipkowitz MS, Toto RD,
Wang X, Wright JT Jr, Greene TH: Longitudinal progression trajectory of GFR among patients with CKD. Am J Kidney Dis 59:
504–512, 2012
14. Morton RL, Turner RM, Howard K, Snelling P, Webster AC: Patients
who plan for conservative care rather than dialysis: A national observational study in Australia. Am J Kidney Dis 59: 419–427, 2012

BP in Late CKD, Sood et al.

911

15. Turin TC, James M, Ravani P, Tonelli M, Manns BJ, Quinn R, Jun M,
Klarenbach S, Hemmelgarn BR: Proteinuria and rate of change in
kidney function in a community-based population. J Am Soc
Nephrol 24: 1661–1667, 2013
16. Tuttle KR, Short RA: Longitudinal relationships among coronary
artery calcification, serum phosphorus, and kidney function. Clin
J Am Soc Nephrol 4: 1968–1973, 2009
17. De Nicola L, Minutolo R, Chiodini P, Zamboli P, Cianciaruso B,
Nappi F, Signoriello S, Conte G, Zoccali C; SIN-TABLE CDK Study
Group: Prevalence and prognosis of mild anemia in non-dialysis
chronic kidney disease: A prospective cohort study in outpatient
renal clinics. Am J Nephrol 32: 533–540, 2010
18. Brown PA, Akbari A, Molnar AO, Taran S, Bissonnette J, Sood M,
Hiremath S: Factors associated with unplanned dialysis starts in
patients followed by nephrologists: A retropective cohort study.
PLoS One 10: e0130080, 2015
19. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D; Modification of Diet in Renal Disease Study Group: A more accurate
method to estimate glomerular filtration rate from serum creatinine:
A new prediction equation. Ann Intern Med 130: 461–470, 1999
20. Little RC, Milliken GA, Stroup WW, Wolfinger RD, Oliver S: SAS
for Mixed Models, 2nd Ed., Cary, NC, SAS institute Inc., 2006
21. Yuan Y: Multiple imputation using SAS software. J Stat Softw 45(6):
1–25, 2011
22. Dasgupta K, Quinn RR, Zarnke KB, Rabi DM, Ravani P,
Daskalopoulou SS, Rabkin SW, Trudeau L, Feldman RD, Cloutier
L, Prebtani A, Herman RJ, Bacon SL, Gilbert RE, Ruzicka M,
McKay DW, Campbell TS, Grover S, Honos G, Schiffrin EL, Bolli P,
Wilson TW, Lindsay P, Hill MD, Coutts SB, Gubitz G, Gelfer M,
Vallée M, Prasad GV, Lebel M, McLean D, Arnold JM, Moe GW,
Howlett JG, Boulanger JM, Larochelle P, Leiter LA, Jones C,
Ogilvie RI, Woo V, Kaczorowski J, Burns KD, Petrella RJ, Hiremath
S, Milot A, Stone JA, Drouin D, Lavoie KL, Lamarre-Cliche M,
Tremblay G, Hamet P, Fodor G, Carruthers SG, Pylypchuk GB,
Burgess E, Lewanczuk R, Dresser GK, Penner SB, Hegele RA,
McFarlane PA, Khara M, Pipe A, Oh P, Selby P, Sharma M, Reid DJ,
Tobe SW, Padwal RS, Poirier L; Canadian Hypertension Education
Program: The 2014 Canadian Hypertension Education Program
recommendations for blood pressure measurement, diagnosis,
assessment of risk, prevention, and treatment of hypertension.
Can J Cardiol 30: 485–501, 2014
23. Bell EK, Gao L, Judd S, Glasser SP, McClellan W, Gutiérrez OM,
Safford M, Lackland DT, Warnock DG, Muntner P: Blood pressure
indexes and end-stage renal disease risk in adults with chronic
kidney disease. Am J Hypertens 25: 789–796, 2012
24. Peralta CA, Norris KC, Li S, Chang TI, Tamura MK, Jolly SE, Bakris
G, McCullough PA, Shlipak M; KEEP Investigators: Blood pressure
components and end-stage renal disease in persons with chronic
kidney disease: The Kidney Early Evaluation Program (KEEP). Arch
Intern Med 172: 41–47, 2012
25. Agarwal R: Blood pressure components and the risk for end-stage
renal disease and death in chronic kidney disease. Clin J Am Soc
Nephrol 4: 830–837, 2009
26. de Goeij MC, Voormolen N, Halbesma N, de Jager DJ, Boeschoten
EW, Sijpkens YWJ, Dekker FW, Grootendorst DC; PREPARE-1 study
group: Association of blood pressure with decline in renal function
and time until the start of renal replacement therapy in pre-dialysis
patients: A cohort study. BMC Nephrol 12: 38, 2011
27. Rifkin DE, Katz R, Chonchol M, Shlipak MG, Sarnak MJ, Fried LF,
Newman AB, Siscovick DS, Peralta CA: Blood pressure components
and decline in kidney function in community-living older adults: The
cardiovascular health study. Am J Hypertens 26: 1037–1044, 2013
28. O’HareAM,BattenA,BurrowsNR,PavkovME,TaylorL,GuptaI,ToddStenbergJ, Maynard C, Rodriguez RA, Murtagh FE, Larson EB, Williams
DE: Trajectories of kidney function decline in the 2 years before initiation of long-term dialysis. Am J Kidney Dis 59: 513–522, 2012
Received: May 27, 2016 Accepted: February 24, 2017
Published online ahead of print. Publication date available at www.
cjasn.org.
This article contains supplemental material online at http://cjasn.
asnjournals.org/lookup/suppl/doi:10.2215/CJN.05640516/-/
DCSupplemental.

