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BACKGROUND

Whether long-term blood pressure variability (BPV) predicts kidney
function decline in generally healthy older adults is unknown. We
investigated this association in ASPirin in Reducing Events in the
Elderly (ASPREE) trial participants.

METHODS

Between 2010 and 2014, Australian and US individuals aged
>70 years (=65 if US minority) were recruited and followed with an-
nual study visits for a median of 4.7 years. Time-to-event analyses
and linear mixed effects models were used to examine associations
between incident chronic kidney disease (CKD), and trajectories of
estimated glomerular filtration rate (eGFR) and log albumin-creati-
nine ratio (log ACR) with systolic BPV as a continuous measure, and,
by tertile of SD of systolic blood pressure (BP). BPV was estimated
using systolic BP measures from baseline through the second
annual visit, and kidney outcomes were assessed following this
period.

RESULTS

Incident CKD occurred in 1,829 of 6,759 participants (27.2%), and more
commonly in BPV tertiles 2 (27.4%) and 3 (28.3%) than tertile 1 (25.5%);
however, the risk was not significantly increased after covariate adjust-
ment (tertile 3 hazard ratio = 1.02; 95% confidence interval: 0.91-1.14).
Analysis of eGFR (n = 16,193) and log ACR trajectories (n = 15,213)
showed individuals in the highest BPV tertile having the lowest eGFR
and highest log ACR, cross-sectionally. However, the trajectories of
eGFR and log ACR did not differ across BPV tertiles.

CONCLUSIONS

CKD and markers of reduced kidney function occur more commonly
in individuals with higher BPV; however, BPV does not influence trajec-
tory of decline in kidney function over time in older adults who are in
generally good health.
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Chronic kidney disease (CKD) is a public health concern
of global importance.! An estimated 1.7 million (10%)
Australian adults have biochemical signs of CKD,* while
an estimated 15% of the US population is affected.>* CKD
amplifies the risk of cardiovascular disease events, and
lowering this risk and slowing CKD progression tradition-
ally focuses on treating underlying comorbidities such as
hypertension and diabetes. Control of mean blood pressure
(BP) is essential, given the robust association of high mean
BP with adverse kidney outcomes.’

However, BP is not a static parameter, fluctuating within-
day (short-term, or 24-hour) and across days (long-term, or
“visit-to-visit”) in response to interactions between intrinsic
cardiovascular regulatory mechanisms and extrinsic envi-
ronmental and behavioral factors.® Accumulating evidence
indicates that high degrees of BP variability (BPV), rela-
tive to those with less variability, are associated with higher
risk of cardiovascular disease events and dementia,”® and
that this risk manifests independently of mean BP. A recent
systematic review and meta-analysis found that increased
visit-to-visit BPV might also be a risk factor for CKD, but
noted significant heterogeneity in multiple characteristics
of the studies evaluated, concluding that more research was
needed.’

Most investigations of BPV and kidney outcomes have
been conducted in relatively uniform populations sharing
specific comorbidities such as hypertension,!®!! diabetes,
or CKD."*! The relevance of BPV in adults who have
reached their seventh, eighth, and ninth decades of life, in
relatively good health, is less certain. If high BPV independ-
ently predicts CKD in older persons, a group at high risk for
CKD and its complications, it could possibly become a novel
clinical target. To address this gap, we examined the risk of
CKD and deterioration of kidney function associated with
long-term, visit-to-visit BPV in participants of the ASPirin
in Reducing Events in the Elderly (ASPREE) study.!> We
hypothesized that higher BPV would be associated with
increased risk of CKD and decline in kidney function during
follow-up.

METHODS
Study design and participants

This was a post hoc exploratory analysis of data from
ASPREE," a multicenter, randomized, placebo-controlled
trial of 100 mg daily aspirin conducted in Australia and the
United States. The trial was conducted in accordance with
the principles of the Declaration of Helsinki and approved
by local institutional review boards at each site, with all
participants providing written informed consent. The trial
was registered with ClinicalTrials.gov (NCT01038583) and
ISRCTN83772183. The data (version 3.0) supporting the
findings of this study are available from the ASPREE Data
Coordinating Center, Monash University School of Public
Health (Aspree. AMS@monash.edu) upon qualified request.

Details of the ASPREE study protocol and its main
findings have been previously published.!>!¢ Briefly, between
2010 and 2014, community-dwelling adults aged 70 years
and older (65 years for US minorities) who were free of
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documented evidence of cardiovascular disease, dementia,
major physical disability, or chronic illness expected to limit
survival to less than 5 years, were enrolled and randomized
1:1 to enteric coated aspirin 100 mg daily, or matching pla-
cebo. The main exclusion criteria included a known high
risk of bleeding, contraindication to aspirin, systolic BP
>180 mm Hg or diastolic >105 mm Hg, or substantial limi-
tation in any basic activity of daily living.

Study measurements

All consented participants completed two baseline visits
to finalize eligibility, followed by a 4-week placebo run-in
period. After randomization, participants were seen annu-
ally by trained study staft following standardized operating
procedures, to collect comprehensive assessments of phys-
ical and cognitive function and additional health measures.

BP was measured at each study visit according to American
Heart Association criteria,!”” in the seated position after
at least 5 minutes of rest using an automated oscillometric
monitor with appropriately sized cuft. Three separate and
consecutive BP readings, 1 minute apart, were performed;
the mean of these measurements was recorded as the BP for
the visit. The ASPREE protocol required use of a validated,
automated monitor, but did not specify a particular model.
Readings could be attended or unattended at the discretion
of the study staft and based on the capabilities of the monitor.
All study sites were monitored regularly to ensure adherence
to the study protocol and standardized operating procedures.

Annual study visits included laboratory pathology collec-
tion. Serum creatinine and urine albumin-creatinine ratio
(ACR) were scheduled to be obtained at baseline, years 3 and
5, and closeout (which could be year 3 or any year thereafter
depending on the participant’s year of enrollment). However,
based on sites’ study visit workflow, the full laboratory panel,
including the kidney function measures, could be obtained
at each visit. This occurred in the majority of participants.
If laboratory was not collected as part of the study visit,
measurements obtained through usual clinical care were ac-
cepted if they occurred within a 6-month window.

Assessment of visit-to-visit office BPV

Long-term, visit-to-visit BPV can be estimated using SD,
coeflicient of variation, average real variability, and vari-
ation independent of the mean, with SD and coeflicient of
variation most commonly used.® In previous analyses, we
examined the correlation of these different indices in our
sample and found high correlation (Pearsons R = 0.98) be-
tween SD and coefficient of variation.'® Therefore, we de-
fined BPV according to within-individual SD of the mean
systolic BP obtained from the baseline and first two annual
study visits, consistent with previous ASPREE analyses.!31°

Kidney function outcomes and study population

Three outcomes were used to investigate associations
between BPV and kidney function: (i) incident CKD, (ii)
estimated glomerular filtration rate (eGFR) trajectory, and
(iii) log ACR trajectory. To minimize potential for immortal
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time bias, only those outcomes occurring after the BPV es-
timation period, from the second annual visit through the
seventh annual visit (or end of follow-up for a participant),
were considered. Figure 1 shows the flow of participants
through the analyses of the three outcomes.

Outcome 1: incident CKD Incident CKD was defined
as a binary outcome at each annual visit where both eGFR
and ACR measurements were available within a participant,
and derived using the Kidney Disease: Improving Global
Outcomes (KDIGO) criteria?’: eGFR <60 ml/min/1.73 m? or
spot urine ACR >3 mg/mmol, or both. While the diagnosis
of CKD requires that abnormalities of eGFR or ACR per-
sist for >3 months, ASPREE was designed around annual

participant visits; as such, CKD was operationally desig-
nated on the basis of a single visit but requiring both eGFR
and ACR measures to make the determination. Participants
(n=6,759) were included in this analysis if they did not have
CKD at the second annual visit and had at least one observa-
tion of the derived CKD outcome during the follow-up pe-
riod. If either eGFR or uACR was missing at a follow-up visit,
the CKD outcome was missing for that visit. Both measures
were required at the visit to avoid potentially misclassifying
subjects with CKD as normal, which could happen if eGFR
>60 ml/min/1.73 m? but ACR was missing at the same visit,
or conversely, if ACR <3 mg/mmol but eGFR was missing at
the same visit. For participants missing CKD outcome for
an interval of one visit, the observed CKD status from the

ASPREE randomized sample
N=19,114

A\ 4

Attended AV1 and AV2
n=18,598

A 4

BPV estimated (SBP measured at BL,
AV1, and AV2)
n=16,758

A 4

Complete covariate information
n=16,690

CKD endpoint

eGFR trajectory ACR trajectory

A 4

Reached CKD endpoint at AV2
n=3,753

Missing CKD at AV2
Missing ACR only: n = 1,931
Missing eGFR only: n =321

Missing ACR and eGFR: n = 2,128

A 4 A 4

No ACR measurements between
AV2 and AV7
n=1,477

No eGFR measurements between
AV2 and AV7
n =497

No follow-up CKD measures
beyond AV2
n=1,798

A 4 A 4 \ 4

n==6,759

n=16,193 n=15,213

Figure 1. Flow diagram of participants included in the primary analyses. Abbreviations: ACR, urine albumin—-creatinine ratio; ASPREE, ASPirin in
Reducing Events in the Elderly; AV, annual visit year; BL, baseline; BPV, blood pressure variability; CKD, chronic kidney disease; eGFR, estimated glomer-
ular filtration rate; SBP, systolic blood pressure.
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prior visit was substituted. If missing values persisted for
more than one visit, participants were censored at their last
observed visit before the missing value occurred.

Outcome 2: eGFR trajectory  eGFR was calculated in each
participant using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation?! at annual visits where
serum creatinine was available. Participants (n = 16,193) were
included in this analysis if they had at least one eGFR value
during the follow-up period after the second annual visit.

Outcome 3: ACR trajectory ACR was calculated at each
annual visit where urine creatinine and albumin were avail-
able. Because the distribution of ACR values is skewed, the
natural logarithm of ACR was used as the outcome measure.
Participants (n = 15,213) were included in this analysis if
they had at least one ACR value during the follow-up pe-
riod after BPV estimation. Exact values were used when
reported; for measures reported categorically (e.g., <0.11,
<3.39, 3.39-33.9, and >33.9 mg/mmol), 0.11, 2.99, 10.7, and
34 were substituted, respectively.

Table 1. Baseline characteristics of the ASPREE participants by outcome analyzed

Model outcome

CKD endpoint eGFR trajectory ACR trajectory

Number of individuals, n 6,759 16,193 15,213
Within-individual SD of SBP (BL-AV2), mean (SD) 9.8 (5.7) 10.2 (6.0) 10.1 (6.0)
Within-individual SD of SBP by tertile, mean (SD)

T1 2 (1.6) 4.3 (1.6) 3(1.6)

T2 9(1.3) 9.2 (1.4) 2(1.4)

T3 16.3 (4.5) 17.0 (4.7) 17.0 (4.7)
Baseline SBP, mm Hg, mean (SD) 139.0 (16.2) 139.1 (16.4) 139.1 (16.4)
Average SBP (BL-AV2), mean (SD) 137.8 (13.4) 137.7 (13.8) 137.8 (13.7)
Heart rate, mean (SD) 70.8 (10.5) 70.6 (10.6) 70.6 (10.6)
Aspirin treatment assignment, n (%) 3,352 (49.6) 8,052 (49.7) 7,529 (49.5)
Age (years), mean (SD) 74.5(3.8) 75.0 (4.4) 75.0 (4.4)
Male, n (%) 3,090 (45.7) 7,166 (44.3) 6,801 (44.7)
Race/ethnicity, n (%)

White 6,471 (95.7) 15,054 (93.0) 14,170 (93.1)

Black 135 (2.0) 595 (3.7) 544 (3.6)

Hispanic 73 (1.1) 318 (2.0) 291 (1.9)

Asian 48 (0.7) 135 (0.8) 121 (0.8)

Other 32 (0.5) 91 (0.6) 87 (0.6)
Pulse pressure, mean (SD) 61.4 (13.4) 61.9 (13.7) 61.9 (13.7)
BMI, kg/m?, mean (SD) 27.7 (4.4) 28.1 (4.7) 28.1 (4.6)
Comorbidities, n (%)

Hypertension 4,807 (71.1) 11,986 (74.0) 11,240 (73.9)

Diabetes 579 (8.6) 1,665 (10.3) 1,684 (10.4)

Smoking (ever) 2,934 (43.4) 7,108 (43.9) 6,668 (43.8)

Alcohol (current use) 5,420 (80.2) 12,589 (77.7) 11,847 (77.9)
Medication, n (%)

Statins 2,003 (29.6) 5,046 (31.2) 4,754 (31.2)

Antihypertensives 3,170 (46.9) 8,456 (52.2) 7,907 (52.0)
Baseline kidney function, mean (SD)

eGFR mg/min/1.73 m? 77.36 (10.40) 72.93 (13.77) 73.01 (13.70)

ACR mg/mmol 1.13 (2.05) 2.06 (8.40) 2.06 (8.49)

Hypertension defined as SBP 2140 mm Hg, DBP 290 mm Hg, or receiving treatment for high BP (regardless of BP level). Diabetes defined as a
self-report, fasting glucose 2126 mg/dl, or receiving pharmacologic treatment for diabetes (regardless of fasting glucose level). Abbreviations: ACR,
albumin—creatinine ratio; ASPREE, ASPirin in Reducing Events in the Elderly; AV, annual visit year; BL, baseline; BMI, body mass index; BP, blood
pressure; CKD, chronic kidney disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure.
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Statistical analysis

Time-to-event and linear mixed effects models were used
to explore the association between BPV and kidney func-
tion, for the three outcomes described above. BPV was
treated as a continuous variable and, separately, was divided
into tertiles of BPV in which the lowest tertile was used as
the reference. Tertiles were recalculated for each outcome to
account for the differing sample sizes and analysis inclusion
criteria. An initial unadjusted model (Model 1) was followed
by adjustment for age and sex (Model 2), demographic
variables (Model 3), mean systolic BP during the BPV es-
timation period (Model 4), and baseline antihypertensive
drug use (Model 5).

Discrete time Cox proportional hazards regression was
used to calculate hazard ratios and 95% confidence intervals
for time to incident CKD. For eGFR trajectory, linear mixed
effects models with a random intercept were used to explore
the association between BPV and eGFR in the follow-up pe-
riod. The models included fixed effects for time, BPV, and a
time-BPV interaction term, and a random intercept for each
individual. Model 1 included only these terms, and Models
2-5 included the additional covariates as fixed effects. The
coefficients for BPV and the time-BPV interaction terms
were reported. The BPV coeflicients estimated the cross-sec-
tional association of BPV with eGFR at baseline, while the
interaction term tested whether the eGFR trajectory varied
across BPV levels. This same method was used for ACR tra-
jectory to assess the association between BPV and log ACR
during the follow-up period. P values <0.05 were considered
statistically significant. Statistical analyses were performed
using R version 3.6.1.%

Sensitivity analyses Several sensitivity analyses were
performed to assess the robustness of the results; the in-
clusion of participants into these analyses is shown in
Supplementary Figure S1 online. For time-to-event anal-
ysis, inclusion criteria were adjusted to require a second visit
without CKD during the BPV estimation period. This was
done attempting to ensure participants were free of CKD

at the start of follow-up, and lessen the chance that occult
CKD was present earlier. For the same conditions in which
last observation carried forward was used in the main anal-
ysis, ACR and serum creatinine values were carried forward
separately, to allow an updated calculation of eGFR based
on a participant’s age and determination of CKD status at
that visit. For the trajectory analyses, we increased the min-
imum requirement of follow-up measures from one to two
visits between the second annual visit and end of follow-up.
Analyses were also repeated stratifying participants by eGFR
<60 ml/min/1.73 m? at the second annual visit (or earlier
in the BPV estimation period if annual visit 2 was missing).
Finally, we repeated our primary analysis after expanding
the BPV estimation period from three to four measurements
(baseline, years 1, 2, and 3), which then shifted year 3 to the
new baseline (and after excluding individuals with events
prior to year 3).

RESULTS

Of the 19,114 individuals randomized into ASPREE,
16,758 attended through their second annual visit and
had BPV estimated (Figure 1). Complete covariate in-
formation was available for 99.6% of these participants.
For analysis of incident CKD, 8,557 individuals had eGFR
>60 ml/min/1.73 m? and ACR <3 mg/mmol at their
second annual visit, but 1,798 of these individuals did
not have any kidney measures after this visit, leading to
a final analyzed sample of 6,759 participants. For eGFR
trajectory, 497 individuals did not have eGFR during the
follow-up, resulting in a final analyzed sample of 16,193.
For ACR trajectory, ACR was missing during follow-up in
1,477 participants, for a final analyzed sample of 15,213
participants.

Table 1 shows the baseline demographics of participants
included in each of the three outcomes. The mean (SD) age
of participants in the incident CKD analysis was 74.5 (3.8)
years, 54.3% were female, 95.7% were White, and their mean
(SD) systolic BP during the BPV estimation period was

Table 2. Hazard ratio (95%) ClI for blood pressure variability (BPV) and incident chronic kidney disease (time-to-event) for BPV (mm Hg) as
a continuous variable and according to tertiles (T) of SD of systolic BP

Continuous BPV T T2 T3
N 6,759 2,297 2,209 2,253
Number of events (%) 1,829 (27.1%) 586 (25.5%) 605 (27.4%) 638 (28.3%)

Hazard ratio (95% CI)

Model 1 1.01 (1.00, 1.02)
Model 2 1.01 (1.00, 1.02)
Model 3 1.01 (1.00, 1.01)
Model 4 1.00 (1.00, 1.01)
Model 5 1.00 (0.99, 1.01)

REF
REF
REF
REF
REF

1.11 (0.99, 1.24)
1.08 (0.97, 1.22)
1.07 (0.96, 1.20)
1.07 (0.95, 1.20)
1.06 (0.94, 1.18)

1.13 (1.01, 1.26)
1.09 (0.97, 1.21)
1.06 (0.95, 1.19)
1.04 (0.93, 1.17)
1.02 (0.91, 1.14)

CKD defined as eGFR <60 ml/min/1.73 m? or spot urine ACR =3 mg/mmol. Abbreviations: ACR, albumin—creatinine ratio; BMI, body mass
index; BP, blood pressure; Cl, confidence interval; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; REF, reference.
Model 1: unadjusted. Model 2: adjusted for age and sex. Model 3: includes Model 2 adjustments and diabetes, smoking, country, aspirin, race/
ethnicity, BMI, and baseline statin use. Model 4: includes Model 3 adjustments and within-individual mean systolic blood pressure from baseline
to second annual visit. Model 5: includes Model 4 adjustments and baseline antihypertensive drug use.
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137.8 (13.4) mm Hg. Hypertension was observed in 71.1% of
participants, while 8.6% had diabetes. The mean (SD) eGFR
was 77.4 (10.4) ml/min/1.73 m?, and the mean (SD) ACR
was 1.13 (2.05) mg/mmol. For the eGFR and log ACR tra-
jectory analyses, a generally similar pattern of demographics
was observed. Supplementary Table S1 online shows dem-
ographics of participants in each outcome analysis, fur-
ther stratified according to the BPV tertiles. For each of the
three outcomes, participants from lowest to highest tertile
of BPV had progressively higher baseline and average sys-
tolic BP, higher rates of hypertension, and lower eGFR and
higher ACR.

During an average follow-up of 2.02 years after the second
annual visit, 1,829 of 6,759 (27.1%) participants developed
CKD (Table 2). This endpoint occurred more frequently
for participants in the second and third BPV tertiles (27.4%
and 28.3%, respectively) compared with the reference tertile
(25.5%). Although this difference was statistically significant
in the unadjusted model treating BPV as a continuous vari-
able, it was not significant in the unadjusted model by tertile
or in any of the adjusted models (Model 5, continuous hazard
ratio = 1.00, 95% confidence interval: 0.99-1.01; tertile 3
hazard ratio = 1.02, 95% confidence interval: 0.91, 1.14).

The relationships between BPV and eGFR and log ACR
trajectories are depicted in Figure 2. For the analysis of eGFR
trajectory, the estimate coefficients in each model in tertile
3 were negative and statistically significant, indicating that
individuals with higher BPV had lower eGFR at baseline,
cross-sectionally. When eGFR was considered as a contin-
uous variable, each one SD unit increase in BPV was asso-
ciated with an average decrease of 0.08 ml/min/1.73 m? in
eGFR (Model 5, Table 3). When considered categorically,
there was a mean difference of 0.90 ml/min/1.73 m? in eGFR
from the reference to the third tertile (Model 5, Table 3).
However, the interaction terms between BPV and eGFR
were not significant, indicating that the trajectory of eGFR
from baseline did not differ by BPV tertile or the continuous
BPV measure. A similar pattern, of higher BPV with lower
kidney function (i.e., higher ACR), was observed for the re-
lationship between BPV and log ACR trajectory (Table 4).
Individual model estimates in the continuous model and in
the third tertile were statistically significant (with the ex-
ception of Model 5 for tertile 3), but the interaction terms
were not.

Several sensitivity analyses demonstrated sim-
ilar findings. For incident CKD, modifying the inclu-
sion criteria to require two visits without CKD during
the BPV estimation period did not change the findings
(Supplementary Table S2 online), nor were conclusions
different when last observation of ACR and serum creati-
nine were carried forward separately for missing variables
(Supplementary Table S3 online). Findings for eGFR tra-
jectory (Supplementary Table S4 online) and log ACR
(Supplementary Table S5 online) requiring an additional
measurement during the follow-up period yielded results
unchanged from our main findings. Repeating our analyses
stratifying participants based on baseline eGFR <60 ml/
min/1.73 m? also found no significant interaction between
BPV tertile and trajectory of eGFR (Supplementary Table
S6 online) or log ACR (Supplementary Table S7 online).
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Figure 2. Distribution of available renal measures at each annual visit
by BPV tertile: (@) eGFR ml/min/1.73 m? and (b) ACR mg/mmol. 25th,
50th, 75th percentiles shown; outliers > or <1.5 * IQR. Abbreviations:
ACR, albumin-creatinine ratio; AV, annual visit year; BPV, blood pressure
variability; eGFR, estimated glomerular filtration rate; IQR, interquartile
range.

Lastly, increasing our BPV estimation period to four meas-
ures, and repeating the primary analyses with year 3 as the
new baseline did not change the results (Supplementary
Tables S8 and S9 online).

DISCUSSION

In prior ASPREE analyses, high visit-to-visit BPV was as-
sociated with increased risk of cardiovascular disease events,
as well as dementia and cognitive decline, independent of
mean BP.!31 Expanding upon this work, the current analysis
examined the relationship between BPV and kidney func-
tion in this cohort of older adults who were mostly healthy
at baseline. We found that higher BPV was associated with
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Table 3. Association between blood pressure variability (BPV) and eGFR trajectory for BPV (mm Hg) as a continuous variable and
according to tertiles (T) of SD of systolic BP

Continuous BPV T1 T2 T3

N 16,193 5,398 5,430 5,365

Estimate? Interaction® Estimate? Interaction® Estimate? Interaction®
Model 1 -0.18 -0.01 REF -0.34 0.02 -2.23 -0.04

(P<0.01) (P=0.08) (P=0.21) (P=0.73) (P<0.01) (P=0.54)
Model 2 -0.12 -0.01 REF -0.05 0.02 -1.44 -0.04

(P<0.01) (P=0.09) (P=0.85) (P=0.75) (P<0.01) (P =0.55)
Model 3 -0.11 -0.01 REF -0.02 0.02 -1.29 -0.04

(P<0.01) (P=0.10) (P=0.94) (P=0.76) (P<0.01) (P=0.56)
Model 4 -0.10 -0.01 REF 0.01 0.02 -1.21 -0.04

(P<0.01) (P=0.10) (P =0.96) (P=0.76) (P<0.01) (P =0.56)
Model 5 -0.08 -0.01 REF 0.11 0.02 -0.90 -0.04

(P<0.01) (P=0.11) (P=0.68) (P=0.75) (P<0.01) (P=0.57)

Abbreviations: BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; REF, reference. Model 1: unadjusted.
Model 2: adjusted for age and sex. Model 3: includes Model 2 adjustments and diabetes, smoking, country, aspirin, race/ethnicity, BMI, and
baseline statin use. Model 4: includes Model 3 adjustments and within-individual mean systolic blood pressure from baseline to second annual
visit. Model 5: includes Model 4 adjustments and baseline antihypertensive drug use.

aEstimate of the cross-sectional association of BPV with eGFR at baseline.

bTime—BPV interaction term to test variation of the eGFR trajectory among BPV levels.

Table 4. Association between blood pressure variability (BPV) and log ACR trajectory for BPV (mm Hg) as a continuous variable and
according to tertiles (T) of SD of systolic BP

Continuous BPV T T2 T3

N 15,213 5,102 5,053 5,058

Estimate? Interaction® Estimate? Interaction® Estimate? Interaction®
Model 1 0.01 0.00 REF 0.04 0.00 0.13 0.01

(P<0.01) (P=0.18) (P=0.05) (P =0.66) (P<0.01) (P=0.18)
Model 2 0.01 0.00 REF 0.03 0.00 0.10 0.01

(P<0.01) (P=0.19) (P=0.17) (P =0.65) (P<0.01) (P=0.18)
Model 3 0.01 0.00 REF 0.03 0.00 0.09 0.01

(P<0.01) (P=0.21) (P=0.18) (P=0.63) (P<0.01) (P=0.20)
Model 4 0.00 0.00 REF 0.01 0.00 0.06 0.01

(P<0.01) (P=0.21) (P=0.48) (P=0.64) (P=0.01) (P=0.20)
Model 5 0.00 0.00 REF 0.01 0.00 0.04 0.01

(P=0.04) (P=0.22) (P=0.67) (P=0.64) (P=0.06) (P=0.21)

Abbreviations: ACR, albumin—creatinine ratio; BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; REF,
reference. Model 1: unadjusted. Model 2: adjusted for age and sex. Model 3: includes Model 2 adjustments and diabetes, smoking, country,
aspirin, race/ethnicity, BMI, and baseline statin use. Model 4: includes Model 3 adjustments and within-individual mean systolic blood pressure
from baseline to second annual visit. Model 5: includes Model 4 adjustments and baseline antihypertensive drug use.

aEstimate of the cross-sectional association of BPV with eGFR at baseline.

bTime—BPV interaction term to test variation of the eGFR trajectory among BPV levels.

higher rates of CKD, lower eGFR, and higher ACR cross-
sectionally, but it was not associated with greater decline
in kidney function as characterized by eGFR and log ACR
trajectories.

Our findings differ from those of other studies examining
BPV and kidney outcomes. Two large epidemiologic studies
of several million individuals observed that higher BPV was
associated with increased incidence of end-stage kidney
disease,”?* as well as all-cause mortality, coronary heart
disease, and stroke.** Other analyses conducted within spe-
cific cohorts of hypertensives or diabetics have reported

long-term visit-to-visit BPV as an independent risk factor
for deterioration in kidney function.!®-!* In a recent sys-
tematic review and meta-analysis which included several
of these studies, each 1 mm Hg increase in systolic BP SD
resulted in a combined risk ratio for CKD of 1.05 (95% con-
fidence interval: 1.03-1.07).° In contrast, ours was not the
only study which did not detect an association between
BPV and kidney outcomes. Recent analysis of combined
data from the ONTARGET and TRANSCEND trials also
found visit-to-visit BPV was not a major determinant for
risk of adverse kidney function outcomes.” In that analysis
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of 28,790 subjects, the incidence of end-stage kidney di-
sease, doubling of serum creatinine, new microalbuminuria,
and new macroalbuminuria were better predicted by mean
on-treatment BP, with only a marginal increase in prediction
when mean BP was combined with BPV.

Although our null findings do not preclude the possibility
of a relationship between BPV and decline in kidney func-
tion, they do highlight the need for better understanding of
the principal regulator of such a relationship. The associations
observed in prior studies could reflect reverse causality, with
increased BPV occurring as a consequence of advancing
CKD, rather than being causal itself. CKD is associated with
impairment of kidney-related mechanisms that control in-
travascular volume and sodium excretion, which may re-
duce homeostatic buffering of volume-related BP changes.
In addition, baroreflex impairment and enhanced sympa-
thetic activity occur in CKD which can also contribute to
increased BPV.2 Two large cohorts have reported the obser-
vation of BPV increasing with worsening kidney function—
the first, a cross-sectional analysis in 16,546 patients from
the Spanish ABPM registry,”” and another study in 19,175
primary care patients in the Netherlands.”

Although ours was a post hoc analysis, our findings are
strengthened by using both a traditional binary outcome
of incident CKD and analyses of kidney function trajec-
tory, the latter approach helping circumvent the potential
impact of individuals whose eGFR reside on the border of
the CKD threshold. Regardless of outcome assessed, our
findings were consistent. We also acknowledge important
limitations, most notably that we used a small number of
BP readings to estimate BPV, which can potentially limit the
ability of BPV to predict the outcome risk; however, there is
currently no accepted consensus on the optimal number of
BP measurements to calculate BPV.*’ We also had relatively
short follow-up because we considered only those outcomes
occurring after the BPV estimation period. While protecting
against immortal time bias, this removed from analysis a
substantial number of incident CKD that may have occurred
earlier. Longer follow-up may have strengthened the possi-
bility of observing a relationship. Finally, ASPREE enrolled
mostly healthy individuals, few with diabetes or low kidney
function at baseline, and those with hypertension had gen-
erally well-controlled BP which included substantial use
of renin-angiotensin system inhibitors as previously re-
ported.*® These factors may have contributed to overall low
risk of deterioration of kidney function in our cohort and
reduced our ability to observe an association with BPV.

In adults who have reached older ages in relatively good
health, CKD and markers of reduced kidney function are
more common in those with high visit-to-visit BPV; how-
ever, BPV does not appear to influence the trajectory of
kidney function decline. BP-focused strategies aimed at
preserving kidney health in older adults should remain fo-
cused on controlling mean BP.

SUPPLEMENTARY MATERIAL

Supplementary data are available at American Journal of
Hypertension online.
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