
Article

Blood Pressure Variability, Mortality, and
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Abstract
Background andobjectives Short-termBPvariability (derived from24-hour ambulatoryBPmonitoring) and long-
term BP variability (from clinic visit to clinic visit) are directly related to risk for cardiovascular events, but these
relationshipshavebeen scarcely investigated inpatientswithCKD,and theirprognosticvalue in thispopulation is
unknown.

Design, setting, participants, & measurements In a cohort of 402 patients with CKD, we assessed associations of
short- and long-term systolic BP variability with a composite end point of death or cardiovascular event.
Variabilitywas defined as the standard deviation of observed BPmeasurements.We further tested the prognostic
value of these parameters for risk discrimination and reclassification.

ResultsMean6 SD short-term systolic BP variabilitywas 12.663.3mmHg, andmean6 SD long-term systolic BP
variability was 12.765.1 mm Hg. For short-term BP variability, 125 participants experienced the composite end
point over a median follow-up of 4.8 years (interquartile range, 2.3–8.6 years). For long-term BP variability, 110
participants experienced the composite endpoint over amedian follow-upof3.2years (interquartile range, 1.0–7.5
years). In adjusted analyses, long-term BP variability was significantly associated with the composite end point
(hazard ratio, 1.24; 95% confidence interval, 1.01 to 1.51 per 5-mmHg higher SD of office systolic BP), but short-
termsystolicBPvariabilitywasnot (hazard ratio, 0.92; 95%confidence interval, 0.68 to1.25per5-mmHghigherSD
of 24-hour ambulatory systolic BP). Neither estimate of BP variability improved risk discrimination or
reclassification compared with a simple risk prediction model.

Conclusions InpatientswithCKD, long-termbutnot short-termsystolic BPvariability is related to the riskofdeath
and cardiovascular events. However, BP variability has a limited role for prediction in CKD.
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Introduction
BP is a biologic variable characterized by a high
variability (1). Such a variability is evident when
analyzed within the 24-hour timeframe in ambulatory
BP (ABP) recordings (short-term variability) or over
long periods, a phenomenon captured in repeated
standard measurements in the office over weeks or
months (visit-to-visit BP variability) (2). Both short-
term BP variability(3–5) and long-term visit-to-visit BP
variability (6–9) associate with organ damage and
cardiovascular events independent of average 24-hour
ABP and average office BP, respectively. Although the
issue still remains undefined, estimates of BP variabil-
ity are considered as potentially useful for risk strat-
ification (10).

A large survey in patients with hypertension and
CKD recently documented that short-term BP var-
iability increases in parallel with the decline of the
GFR (11). Cross-sectional studies associated higher
short-term (24-hour) BP variability with intracranial
aneurysms in patients with adult polycystic kidney
disease (12) and sleep disturbances in patients with

CKD (13), but there is still no prospective cohort
study investigating the relationship between the
same parameter and major cardiovascular out-
comes. However, higher visit-to-visit BP variability
in patients with CKD has been associated with
mortality and incident cardiovascular events
(14,15) as well as with death and incident hemor-
rhagic stroke (16).
Until now, no study compared the relationship of

short- and long-term BP variability with death and
cardiovascular events in the CKD population. The
issue is of relevance, because short-term BP variability
mainly reflects the autonomic modulation of day to
night BP changes (2,17), whereas long-term BP var-
iability results from poor adherence to antihyperten-
sive therapy (18), behavioral changes, chronic
postural instability, and sympathetic overactivity
and other factors (17,19). Furthermore, the prognostic
power of BP variability, which is a problem different
from causation, has never been properly assessed by
applying recent statistical methods recommended for
proper testing prognostic biomarkers on the basis of
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their risk discrimination and reclassification abilities
(20,21).
With this background in mind, we investigated the

relationship of short- and long-term BP variability with
cardiovascular events and death in a cohort of patients with
CKD and GFRs ranging from 5 to 90 ml/min per 1.73 m2.
Patients were followed up in two nephrology units
sharing a common protocol of BP assessment that calcu-
lated systematic 24-hour ABP measurements and applied
clinical policies that conform to contemporary guidelines of
CKD management and hypertension treatment.

Materials and Methods
This cohort study enrolled consecutive patients in two

outpatient nephrology clinics (University of Campania
“Luigi Vanvitelli,” Naples, Italy and Consiglio Nazionale
delle Ricerche-Istituto Fisiologia Clinica (CNR-IFC), Clinical
Epidemiology and Physiopathology of Renal Diseases and
Hypertension, Reggio Calabria, Italy) for the period from
2001 to 2009. Patients were enrolled if they had CKD defined
as either an eGFR,60 ml/min per 1.73 m2 or proteinuria
.0.15 g/24 h in two consecutive visits with an interval of$3
months, if they had a follow-up in the nephrology clinics.6
months, and if they an ABP monitoring study performed to
confirm hypertension. Exclusion criteria were normotension
(clinic BP ,130/80 mm Hg without antihypertensive ther-
apy), changes in antihypertensive therapy 2 weeks before
ABP, atrial fibrillation, and inadequate ABP monitoring (,20
recordings during the day and fewer than seven recordings
during the night) (22). Patients on dialysis and patients with
transplants were excluded from the study. Complete medical
history, demographic and laboratory data, and current
therapy were collected at study enrollment, which coin-
cided with the ABP monitoring study, and eGFR was
calculated by the Chronic Kidney Disease Epidemiology
Collaboration creatinine equation; creatinine was not stan-
dardized to isotope dilution mass spectrometry values, and
we, therefore, reduced creatinine levels by 5% according to
Skali et al. (23). The underlying diagnosis of kidney disease
was determined by the nephrologists responsible for the
care of study patients by using the categorization recom-
mended by the European Renal Association–European
Dialysis and Transplantation Association Registry (24)
Institutional review boards of the participating centers
approved the protocol, and written informed consent was
obtained from all patients.

Clinic BP Measurement
Clinic BP was measured by aneroid sphygmomanome-

ters that were periodically calibrated by study techni-
cians or nurses at the two research units involved in this
study. Measurements were made during a physician
visit (8:00–11:00 a.m.) according to contemporary rec-
ommendations of the International Society of Hyper-
tension (25) and the European Society of Hypertension
(ESH) (26–28). Antihypertensive medications were pre-
scribed to achieve clinic BP ,130/80 mm Hg, and they
were administered from 8:00 a.m. to 10:00 p.m. as per
recommendations detailed in the previously mentioned
guidelines (25–28).

Ambulatory BP Monitoring
The two participating centers shared the same ABP

protocols: Spacelabs 90207 (29) monitors were used. The
monitor recorded BP every 15 minutes during the period
from 7:00 a.m. to 11:00 p.m. and every 30 minutes during
the period from 11:00 p.m. to 7:00 a.m. Daytime and
nighttime periods were derived from the patient’s diary.
Monitoring was always done on a working day and under
regular antihypertensive treatment. According to recom-
mendations by the ESH (22), we considered only 24-hour
recordings with at least 20 valid awake and seven valid
asleep measurements as valid.

Long-Term Visit-To-Visit BP Measurement
To be considered for this analysis, patients had to have at

least four office BP measurements during separate follow-
up visits. Three hundred sixty-six patients (91% of the
whole cohort) qualified for this analysis. The number of
visits in these patients ranged from four to 53, and the
average interval between visits was 3.362.2 months. In
detail, the number of visits was four in 89 patients, five in
108 patients, six in 69 patients, seven in 32 patients, eight
in 30 patients, and nine in 14 patients, and the number
ranged from ten to 53 in the remaining 24 patients. As
measures of BP variability, we adopted the SD of systolic
BP across study visits (17). Only BP data preceding the
occurrence of a nonfatal cardiovascular event, ESKD, or
censoring were considered to assess the long-term visit-to-
visit systolic BP variability.

Short-Term BP Variability Measurement
To assess short-term BP variability, we calculated the

weighted SD (w-SD) of 24-hour systolic ambulatory blood
pressure monitoring defined as the average of the SD of
the diurnal and nocturnal systolic BP measurements
weighted for the duration of the daytime and nighttime
intervals according to the following formula: w-SD =
[(daytime SD 3 hours included during daytime) +
(nighttime SD 3 hours included during nighttime)]/
24 h (17).

Outcomes
Patients were followed up from the date of 24-hour

ambulatory blood pressure monitoring onward (i.e.,
until December 17, 2017, death, or ESKD).
Clinical and biochemical variables as well as clinical

outcomes, including death and cardiovascular events, were
prospectively collected and registered in the clinical files,
and after event validation (see below), they subsequently
transcribed into the study database (SPSS/STATA files).
Cardiovascular events were defined according to consen-
sus documents and clinical practice guidelines by major
cardiology societies at the time when the study was
initiated (30–32). In case of doubt, events adjudication
was done by consensus among at least three clinical
investigators in the two study centers. To provide an
overall estimate of the risk of the two main exposures of
this study (short- and long-term BP variability), the
primary outcome was a combined end point composed
of all-cause death and cardiovascular events (myocardial
infarction, stroke, revascularization, heart failure, angina,
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atrial fibrillation, and cerebral aneurysm). Risk was pre-
sented as cumulative risk over follow-up.

Statistical Analyses
Continuous variables are expressed as mean 6 SD or

median and interquartile range (IQR) according to their
distribution as assessed by the Shapiro–Wilk test. Categorical
variables were expressed as percentages. Standard correlation
analysis was used to evaluate the relationship between long-
and short-term systolic BP variability as well as with age, sex,
diabetes, smoking, background cardiovascular events, body
mass index, number of antihypertensive drugs, eGFR, 24-
hour urinary protein, hemoglobin, and average systolic and
pulse pressures across visits. Data were expressed as Pearson
correlation coefficients (r values) and P values.
The independent correlates of long-term systolic BP vari-

ability (dependent variable) were identified by simultaneously
introducing into the same multiple linear regression model all
univariable correlates (P,0.05) of the dependent variable and
stratifying by center. In this analysis, data were expressed as
standardized regression coefficients (b values) and P values.
The relationships between all systolic BP determinants
(namely long- and short-term systolic BP variability, average
systolic office BP, and average 24-hour daytime and nighttime
systolic BP) and study outcomes were tested in Cox models
stratified by center and adjusted (model 1) for baseline known
covariates affecting death and cardiovascular outcomes (age,
sex, diabetes mellitus, cholesterol, history of cardiovascular
disease, smoking, body mass index, hemoglobin, eGFR, 24-
hour urinary protein, and use of antihypertensive drugs). The
long-term systolic BP variability to study outcomes link was
further investigated in amodel (model 2) adjusting for average
systolic BP across visits, whereas the short-term systolic BP
variability to study outcomes link was analyzed in a model
(model 2) including average 24-hour systolic BP. A similar
statistical approach was used for daytime and nighttime
systolic BP variability. To account for the potential distortion
of the number of visits on the long-term systolic BP variability
to study outcome link, this variable was forced into these
models. Data were expressed as hazard ratio (HRs), 95%
confidence intervals (95% CIs), and P values.
The additional predictive value of short- and long-term

systolic BP variability and the corresponding average
values were tested by calculating the gain in discriminant
power by these variables when the same variables were
added to a simple predictive model (see Results). Further-
more, the prognostic value of short- and long-term BP
variability and the corresponding average BP values were
carried out by risk discrimination analysis (the Harrell c
statistics [20]) and risk reclassification analysis (the in-
tegrated discrimination improvement [21], which is a
categorization-free risk reclassification test).
All calculations were made using standard statistical

packages (SPSS for Windows Version 24 [IBM, Armonk,
NY] and STATA 13 for Windows [College Station, TX].
Two-tailed P,0.05 was considered significant.

Results
Of a global population of about 3000 patients, about 450

were excluded for being normotensive and about 600 were
excluded for a follow-up shorter than 6 months. About 800

were excluded, because they had GFR.60 ml/min per
1.73 m2, proteinuria ,0.15 g/24 h, or atrial fibrillation, and
about 400 were excluded because of changed antihyper-
tensive therapy 2 weeks before enrollment. About 350
refused to undergo 24-hour ABP, had recordings of in-
sufficient quality according to the criteria established by the
ESH (21), or could not undertake 24-hour ABP for logistic
reasons. We also excluded two patients who were lost to
follow-up. Thus, for the analysis of the short-term systolic
BP variability to study outcomes relationship, the study
sample was composed of 402 patients. Fifty-eight percent
were men, and the mean age was 63 years old (Table 1). On
average, the eGFR was 44620 ml/min per 1.73 m2. Median
proteinuria was 0.24 g/24 h, 24% were smokers, 35% had
type 2 diabetes, and 29% had background cardiovascular
comorbidities. Office BP at first visit was 145619/
81612 mm Hg. Three hundred sixty-eight patients (92%)
were on antihypertensive treatment. The whole study
population (n=402) had suitable 24-hour ambulatory blood
pressure monitoring recordings, and therefore, they could
be used for the study of the predictive power of short-term
systolic BP variability; however, only the subgroup with
four or more office BP measurements (n=366; 91%) could be
investigated for the study of long-term systolic BP vari-
ability. Two follow-up periods were considered in survival
analyses. The first (the short-term systolic BP variability
study) started from the day on which patients underwent
to 24-hour ambulatory blood pressure monitoring (median
follow-up: 4.8 years; IQR, 2.3–8.6), and the second (the
long-term systolic BP variability study) started from the
day after the last follow-up visit (median follow-up:
3.2 years; IQR, 1.0–7.5). During the follow-up looking at
short-term systolic BP variability, 59 patients died (44 from
cardiovascular causes), and 67 patients had nonfatal
cardiovascular events. During the follow-up looking at
long-term systolic BP variability, 52 patients died (39 for
cardiovascular causes), and 58 patients had nonfatal
cardiovascular events. Overall, 125 patients experienced
the combined end point of death and cardiovascular events
during the follow-up focusing on short-term systolic BP,
and 110 had the same outcome during the follow-up
focusing on long-term systolic BP. The causes of death and
the list of cardiovascular events during the two follow-up
periods are given in Supplemental Table 1.

Long-Term Visit-To-Visit Systolic BP Variability(SD):
Correlates and Relationship with Death and Incident
Cardiovascular Events
The average systolic BP over follow-up was 139614/

7868 mm Hg, and average variability (SD) of the same
measurement was 12.765.1 mm Hg. Long-term systolic BP
variability was associated with average systolic BP (r=0.29,
P,0.001) and average pulse pressure (r=0.32, P,0.001).
To a weaker extent, long-term systolic BP variability was
associated with short-term (24-hour) systolic BP variability
(r=0.20, P,0.001) (Figure 1), the number of antihyperten-
sive drugs (r=0.20, P,0.001), hemoglobin (r=20.20,
P,0.001), eGFR (r=20.13, P=0.01), 24-hour urinary protein
(r=0.11, P=0.04), age (r=0.13, P=0.02), and men (r=20.15,
P=0.004), but it was unrelated to diabetes (r=0.07, P=0.17),
body mass index (r=0.04, P=0.43), smoking (r=0.06,
P=0.25), and background cardiovascular events (r=20.01,
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P=0.80). The relationships of long-term BP variability with
average pulse pressure (b=0.27, P,0.001) and average
office systolic BP (b=0.20, P=0.001) remained also signif-
icant in multiple regression models, including the univari-
able correlates of systolic BP variability (number of
antihypertensive drugs, hemoglobin, eGFR, 24-hour uri-
nary protein, age, and sex).
In unadjusted Cox regression analyses, a 5-mm Hg higher

systolic office BP variability (SD) was associated with a 28%
higher risk of death and incident cardiovascular events
(HR, 1.28; 95% CI, 1.08 to 1.51; P=0.004) (Table 2). The risk for
these events was also directly related to the average systolic
BP across visits (HR [5 mm Hg], 1.16; 95% CI, 1.09 to 1.24;
P,0.001). In analyses adjusting for age, sex, bodymass index,
diabetes, cholesterol, active smoking, hemoglobin, eGFR,
cardiovascular comorbidities, number of antihypertensive
drugs, and proteinuria as well as average office BP (Table 2,
long-term systolic BP variability in model 2), the long-term
systolic BP variability maintained an independent relation-
ship with the combined end point. Furthermore, the strength
of this association also did not change when forcing the
number of visits into the Cox model (HR [5 mm Hg], 1.24;
95%CI, 1.01 to 1.51; P=0.04). Similar results were obtained by
adopting the coefficient of variation as a metric of BP
variability (Supplemental Table 2). Of note, in the fully
adjusted model, average systolic BP across visits just failed to
significantly predict the combined end point (Table 2, model
2). The cumulative risk for the combined end point for
average office systolic BP and the weighted systolic BP
variability across tertiles of the same variables are reported in
Supplemental Table 3, and the detailed numbers of events,
unadjusted incidence rates, and HRs across the same cate-
gories are reported in Supplemental Table 4.

Short-Term Systolic BP Variability and Average 24-Hour
Systolic ABP: Correlates and Relationship with Death and
Incident Cardiovascular Events
The short-term (w-SD) variability of 24-hour systolic BP

and the variability (SD) of daytime and nighttime systolic
BP were 12.663.3, 13.163.9, and 11.663.8 mm Hg, re-
spectively. Short-term systolic BP variability associated
with 24-hour systolic BP (r=0.38, P,0.001) and 24-hour
pulse pressure (r=0.51, P,0.001) (Figure 1). Furthermore,
the same parameter was directly related to age (r=0.38,
P,0.001), diabetes (r=0.21, P,0.001), background cardio-
vascular comorbidities (r=0.24, P,0.001), and the number
of antihypertensive drugs (r=0.30, P,0.001).
On univariable Cox regression, short-term 24-hour sys-

tolic BP variability as well the variability of daytime and
nighttime systolic BP significantly associated with the
combined end point (Table 2, unadjusted analysis). By
the same token, average 24-hour systolic BP as well as
daytime and nighttime systolic BP also associated with the
same outcome in unadjusted analyses (Table 2, unadjusted
analysis). However, in multiple Cox regression models,
metrics of short-term variability largely failed to maintain
an independent association with death and cardiovascular
events, whereas average 24-hour systolic BP (Table 2) as
well as average daytime and nighttime systolic BP (Table 2)
maintained a robust association with the combined end
point. The cumulative risks for the combined end point for
average 24-hour, daytime, and nighttime systolic BP across

Table 1. Demographics, clinical characteristics, office and
24-hour ambulatory BP parameters, and drug treatment in
the study cohort composed of 402 patients with CKD from
two Italian clinics

Variables

Age, yr, mean 6 SD 63614
Men, N (%) 233 (58)
BMI, kg/m2, mean 6 SD 27.164.7
Smoking, N (%) 97 (24)
Diabetes, N (%) 141 (35)
History of cardiovascular disease, % 29
eGFR, %
eGFR=120–60 ml/min per 1.73 m2 20
eGFR=59–30 ml/min per 1.73 m2 50
eGFR=29–15 ml/min per 1.73 m2 23
eGFR,15 ml/min per 1.73 m2 6

eGFR, ml/min per 1.73 m2,
mean 6 SD

44620

Proteinuria, g/d, median
(interquartile range)

0.24 (0.08–0.92)

Hemoglobin, g/dl,
mean 6 SD

12.961.8

Total cholesterol, mg/dl,
mean 6 SD

189639

Causes of kidney disease, %
Hypertensive

nephropathy
44

Diabetic kidney
disease

20

GN 10
ADPKD 4
Other/unknown 22

BP
Office systolic/diastolic BP,

mm Hg, mean 6 SD
145619/81612

Office BP ,140/90 mm Hg (%) 133 (33)
24-h systolic/diastolic BP,

mm Hg, mean 6 SD
126616/72610

24-h BP ,130/80 mm Hg (%) 209 (52)
Daytime systolic/diastolic BP,

mm Hg, mean 6 SD
129617/75611

Daytime BP ,135/85 mm Hg (%) 233 (58)
Nighttime BP systolic/diastolic BP,

mm Hg, mean 6 SD
120619/66611

Nighttime BP ,120/70 mm Hg (%) 169 (42)
Long-term office systolic

BP variability,a mm Hg
12.765.1

Short-term 24-h systolic
BP variability, mm Hg

12.663.3

Short-term daytime systolic
BP variability, mm Hg

13.163.9

Short-term nighttime systolic
BP variability, mm Hg

11.563.8

Treatment
No. of drugs, median

(interquartile range)
3 (2–4)

RAS inhibitors (%) 326 (81)
Calcium channel

blockers (%)
185 (46)

b-Blockers (%) 145 (36)
Furosemide (%) 129 (32)

eGFR was calculated by the Chronic Kidney Disease Epidemi-
ologyCollaboration creatinine equation. BMI, bodymass index;
ADPKD, autosomal dominant polycystic kidney disease; RAS,
renin-angiotensin system.
aCalculated on 366 patients (i.e., patients with four or more
longitudinal visits).
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tertiles of the same variables are reported in Supplemental
Table 3, and the detailed numbers of events, unadjusted
incidence rates, and HRs across tertiles of short-term systolic
BP variability are reported in Supplemental Table 4.

Prognostic Value of Long- and Short-Term Systolic
BP Variability
To estimate the prognostic value of long- and short-term

BP variability, we added these variables into a basic model
formed by simple clinical variables, including age, sex,
traditional risk factors (diabetes, serum cholesterol, body
mass index, smoking habit, and number of antihyperten-
sive drugs), and CKD-specific risk factors (GFR, protein-
uria, and hemoglobin). In the whole study cohort (n=402),
this model had fairly good discriminant power for the
study outcome as indicated by a Harrell c index of 76.8%, a
figure that is almost identical to that found (74.2%) in the
subgroup of patients with the number of follow-up visits
greater than or equal to four. The addition in separate
models of SD of long-term BP (+0.8%), short-term systolic
BP (0.0%), daytime systolic BP (0.0%), and nighttime
systolic BP (20.2%) variability added no additional pre-
dictive power to the basic model. As expected from the
futile gain in prediction power with the Harrell c test, the
same biomarkers did not materially improve risk

reclassification (integrated discrimination improvement:
long-term systolic BP variability, 0.1%; short-term 24-
hour systolic BP variability, 0.3%; daytime variability,
0.3%; nighttime variability, 0.2%).

Discussion
This study in patients with CKD and various degrees of

kidney dysfunction shows that long-term (visit-to-visit) but
not short-term systolic BP variability was directly related to
the risk of death and incident cardiovascular events in-
dependent of the corresponding average BP values. How-
ever, neither of the two estimates of BP variability proved
to be useful for prognosis, because both metrics added no
predictive power to a prediction model formed by simple,
easily available clinical variables in patients with CKD.
Short-term BP variability predicted incident cardiovascular

events in both a population-based study (33) and a large
international 24-hour ABP database (34). By the same token,
long-term visit-to-visit BP variability predicted cardiovascu-
lar outcomes in a community study (9) and extensive
analyses performed in the databases of clinical trials and
cohort studies (8). In patients with CKD, the issue has been
investigated in a limited number of studies. A clear relation-
ship of long-term visit-to-visit BP variability with cardiovas-
cular outcomes and/or death coherently emerged in three
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Figure 1. | Mutual association of long- and short-term BP and associations of the same variabilities with systolic and pulse pressure. (Upper
panels)Associationof visit-to-visit systolicBPvariability (SD)with short-termsystolicBPvariability (weightedSD; left panel), average systolicBP
(center panel), andpulsepressure (right panel) acrossvisits. The lowerpanels showthe relationshipof average24-hour systolicBP (left panel) and
24-hour pulse pressure (right panel) with short-term BP variability (weighted SD).
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cohort studies (14–16), but information on the relationship
between short-term BP variability and these outcomes is
lacking. As alluded to before, the prognostic role of BP is still
poorly defined, because there are no studies in this popu-
lation that have examined the problem by applying modern
statistical techniques for assessing the prognostic value of
prognostic biomarkers (20,21,35).
In this study, we specifically confirmed in patients with

CKD that short-term 24-hour systolic BP variability asso-
ciates fairly well with average 24-hour systolic BP (17), but
we found that this parameter was unrelated to death and
incident cardiovascular events in models including average
24-hour systolic BP and other potential confounders. In a
large international database of 24-hour ABP studies, the
risk for fatal and nonfatal cardiovascular events by short-
term BP variability was quite low and of marginal statis-
tical significance in adjusted analyses (34). However, in
classic Cox regression analyses, we also observed that long-
term (visit-to-visit) BP variability associated with the risk of
death and cardiovascular events in patients with CKD,
which is in line with three previous cohort studies
(14–16,36). High long-term BP variability may depend on
poor adherence to antihypertensive therapy (18), which is a
well known risk factor for cardiovascular events (37) and a
concerning issue in the CKD population (38). Furthermore,
long-term BP variability associates with measures of
impaired BP control, like postural instability and sympa-
thetic overactivity (19,39).
As far as prognosis is concerned, not only short-term BP

variability but also, long-term visit-to-visit BP variability

failed to provide meaningful prognostic information. Prog-
nostic analyses demand an approach different from that
adopted in analyses aimed at exploring causality (40). Power-
ful causal risk factors for cardiovascular disease, like hyper-
cholesterolemia or high office BP, are per se weak prognostic
factors. At the individual patient level, these variables add a
very small clinically insignificant discriminant power to a
model simply on the basis of age and smoking (41,42). Thus,
although of potential value inmechanistic and clinical studies,
metrics of BP variability are not useful for risk prediction at
the individual level in patients with CKD.
Our study has limitations. First, the study cohort was

relatively small. However, other than the Chronic Renal
Insufficiency Cohort study (43), our study is one of the
largest ABP studies in patients with CKD performed so far.
Second, we excluded patients were normotensive, because
our study was embedded in clinical practice and aimed at
hypertension management. In this respect, it has to be
noted that only a small minority of patients with CKDwere
normotensive (44,45). Third, the number of visits was quite
variable. Our approach for calculating BP variability con-
formed to clinical practice, where the intensity of follow-up
depends on the severity of CKD and associated comorbid-
ities in a scenario where visits are not infrequently missed.
Because our estimate of visit-to-visit variability is less
precise than that of an approach on the basis of a fixed
number of visits at preplanned intervals, the relationship
between visit-to-visit variability and the study outcome
could have been stronger had we been able to base the
analysis on a fixed number of visits.

Table 2. Associations of long- and short-term BP variability and related BP metrics with a composite outcome of death and
cardiovascular events

Variables
Unadjusted

Analysis HR (95%
CI), P Value

Model 1 HR (95% CI),
P Value

Model 2 HR (95% CI),
P Value

Average systolic office BP
(HR per 5-mm Hg higher systolic BP)

1.16 (1.09 to 1.24),
P,0.001

1.11 (1.02 to 1.20),
P=0.01

1.08 (0.99 to 1.17),
P=0.07

Average 24-h systolic BP
(HR per 5-mm Hg higher systolic BP)

1.14 (1.08 to 1.20),
P,0.001

1.08 (1.03 to 1.14),
P=0.004

1.09 (1.03 to 1.15),
P=0.004

Average daytime systolic BP (HR per 5-mm Hg higher
systolic BP)

1.13 (1.07 to 1.19),
P,0.001

1.08 (1.02 to 1.14),
P,0.01

1.09 (1.03 to 1.15),
P=0.004

Average nighttime systolic BP
(HR per 5-mm Hg higher systolic BP)

1.12 (1.07 to 1.17),
P,0.001

1.07 (1.03 to 1.12),
P=0.003

1.07 (1.02 to 1.12),
P=0.01

Long-term systolic BP variability SD of average visit-to-
visit systolic BP (HR per 5-mm Hg higher systolic BP
SD)

1.28 (1.08 to 1.51),
P=0.004

1.31 (1.08 to 1.58),
P,0.01

1.24 (1.01 to 1.51),
P=0.04

Short-term (24-h) variability weighted SD of average
24-h systolic BP (HR per 5-mm Hg higher systolic
BP weighted SD)

1.85 (1.45 to 2.37),
P,0.001

1.08 (0.81 to 1.43),
P=0.59

0.92 (0.68 to 1.25),
P=0.61

Short-term (daytime) variability SD of average daytime
systolic BP (HR per 5-mm Hg higher systolic BP
weighted SD)

1.59 (1.31 to 1.94),
P,0.001

1.01 (0.81 to 1.27),
P=0.93

0.91 (0.71 to 1.16),
P=0.43

Short-term (nighttime) variability SD of average
nighttime systolic BP (HRper 5-mmHghigher systolic
BP weighted SD)

1.43 (1.15 to 1.78),
P=0.002

1.18 (0.94 to 1.49),
P=0.16

1.06 (0.83 to 1.37),
P=0.63

The combined end point of this study was all-cause death and nonfatal cardiovascular events (Supplemental Table S1 has details). For
all BP metrics, data are adjusted for age, sex, body mass index, diabetes, cholesterol, smoking, hemoglobin, eGFR, background
cardiovascular comorbidities, 24-hour urinary protein, and number of antihypertensive drugs in model 1. In model 2, each BP
determinant is adjusted for the corresponding mean values or systolic BP variability values as appropriate. HR, hazard ratio; 95%
CI, 95% confidence interval.
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In conclusion, long-term (visit-to-visit) BP variability but
not short-term BP variability associates with the risk of death
and incident cardiovascular events independent of the
corresponding average values. The link of long-term BP
variability with death and cardiovascular events may be
important for the interpretation of cardiovascular damage by
hypertension. Nonetheless, both long- and short-term BP
variability show no meaningful prognostic value for death
and cardiovascular events in the CKD population, and they
are, therefore, of limited value for risk stratification.
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Christiaens T, Cifkova R, De Backer G, Dominiczak A, Galderisi M,
GrobbeeDE, JaarsmaT,KirchhofP,KjeldsenSE,LaurentS,ManolisAJ,
NilssonPM,RuilopeLM,SchmiederRE,SirnesPA,SleightP,Viigimaa
M, Waeber B, Zannad F, Redon J, Dominiczak A, Narkiewicz K,
NilssonPM,BurnierM,ViigimaaM,Ambrosioni E,CaufieldM,Coca
A,OlsenMH,SchmiederRE,TsioufisC,vandeBorneP,Zamorano JL,
Achenbach S, Baumgartner H, Bax JJ, Bueno H, Dean V, Deaton C,
Erol C, Fagard R, Ferrari R, Hasdai D, Hoes AW, Kirchhof P, Knuuti J,
Kolh P, Lancellotti P, Linhart A, Nihoyannopoulos P, Piepoli MF,
Ponikowski P, Sirnes PA,Tamargo JL, TenderaM,TorbickiA,WijnsW,
WindeckerS,ClementDL,CocaA,GillebertTC,TenderaM,RoseiEA,
Ambrosioni E, Anker SD, Bauersachs J, Hitij JB, Caulfield M, De
BuyzereM,DeGeest S, DerumeauxGA, Erdine S, Farsang C, Funck-
BrentanoC,GercV,GermanoG,GielenS,HallerH,HoesAW,Jordan
J,KahanT,KomajdaM,LovicD,MahrholdtH,OlsenMH,OstergrenJ,
Parati G, Perk J, Polonia J, Popescu BA, Reiner Z, Rydén L, Sirenko Y,
Stanton A, Struijker-Boudier H, Tsioufis C, van de Borne P,
Vlachopoulos C, Volpe M, Wood DA: 2013 ESH/ESC guidelines for
the management of arterial hypertension: The task force for the
management of arterial hypertension of the European Society of
Hypertension (ESH) and of the European Society of Cardiology (ESC).
Eur Heart J 34: 2159–2219, 2013

29. O’Brien E, Mee F, Atkins N, O’Malley K: Accuracy of the
SpaceLabs 90207 determined by the British hypertension society
protocol. J Hypertens 9: 573–574, 1991

30. Alpert JS, Thygesen K, Antman E, Bassand JP: Myocardial in-
farction redefined--a consensus document of The Joint European
Society of Cardiology/American College of Cardiology Com-
mittee for the redefinition of myocardial infarction. J Am Coll
Cardiol 36: 959–969, 2000

31. Hunt SA, Baker DW, Chin MH, Cinquegrani MP, Feldman AM,
Francis GS, Ganiats TG, Goldstein S, Gregoratos G, Jessup ML,
Noble RJ, Packer M, Silver MA, Stevenson LW, Gibbons RJ,
Antman EM, Alpert JS, Faxon DP, Fuster V, Gregoratos G, Jacobs
AK, Hiratzka LF, Russell RO, Smith SC Jr.; American College of
Cardiology/American Heart Association Task Force on Practice
Guidelines (Committee to Revise the 1995 Guidelines for the
Evaluation and Management of Heart Failure); International So-
ciety for Heart and Lung Transplantation; Heart Failure Society of
America: ACC/AHA guidelines for the evaluation and manage-
ment of chronic heart failure in the adult: Executive summary a
report of the American College of Cardiology/American Heart
Association task force onpractice guidelines (committee to revise
the 1995 guidelines for the evaluation and management of heart
failure): Developed in collaboration with the International So-
ciety for Heart and Lung Transplantation; endorsed by the Heart
Failure Society of America. Circulation 104: 2996–3007, 2001

32. Aho K, Harmsen P, Hatano S, Marquardsen J, Smirnov VE,
Strasser T: Cerebrovascular disease in the community: Results
of a WHO collaborative study. Bull World Health Organ 58:
113–130, 1980

33. ManciaG,BombelliM, Facchetti R,Madotto F,CorraoG,Trevano
FQ, Grassi G, Sega R: Long-term prognostic value of blood
pressure variability in the general population: Results of the
pressioni arteriose monitorate e loro associazioni study. Hyper-
tension 49: 1265–1270, 2007

34. HansenTW,Thijs L, Li Y, Boggia J, KikuyaM,Björklund-Bodegård
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Supplemental Table 1 

   
 Follow-up for long 

term BP  variability 
(in 366 patients) 

Follow-up  for  short 
term  BP variability 

(in 402 patients) 
Non fatal cardiovascular events 58 67 

Myocardial infarction 22 27 
Stroke 13 13 
Revascularization 14 15 
Heart failure 6 9 
Angina 1 1 
Atrial fibrillation 1 1 
Cerebral aneurysm 1 1 

Cause of Death   
Cardiovascular 39 44 

Myocardial infarction 22 26 
Stroke 11 12 
Heart failure 4 2 
Revascularization 2 4 

Non Cardiovascular 13 15 
Neoplasia 8 9 
Infection 3 4 
Cirrhosis 2 2 
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Supplemental Table 2  
 
Unadjusted and adjusted Cox regression analyses of metrics of Systolic BP variability expressed as 
coefficient of variation (CV). 
 
 

LONG TERM Systolic BP VARIABILITY 
Coefficient of variation (CV) of average visit to 

visit Systolic BP 
(HR per 5% higher  CV) 

Unadjusted analysis   
HR (95% CI), P 

Adjusted*  
HR (95% CI), P 

1.26 (0.98-1.63), 
P=0.075 

1.38 (1.04-1.84),  
P=0.028 

 
 
 
 

SHORT TERM (24h) VARIABILITY 
Coefficient of variation (CV) of Average  

24h Systolic BP  
(HR per 5% higher CV) 

Unadjusted analysis     
HR (95% CI), P 

Adjusted*  
HR (95% CI), P 

1.33 (0.97-1.82),  
P=0.074 

0.83 (0.58-1.19),  
P=0.31 

.  
  
 
 

SHORT TERM (day-time) VARIABILITY  
Coefficient of variation (CV) of Average  

Day-time Systolic BP  
 (HR per 5% higher  CV) 

Unadjusted analysis     
HR (95% CI), P 

Adjusted* 
HR (95% CI), P 

1.50 (1.14-1.98),  
P=0.004 

0.85 (0.62-1.16),  
P=0.29 

.  
 
 
 

SHORT TERM (night-time) VARIABILITY  
Coefficient of variation (CV) of Average  

Night-time Systolic BP  
 (HR per 5% higher CV) 

Unadjusted analysis     
HR (95% CI), P 

Adjusted* 
HR (95% CI), P 

1.12 (0.84-1.50),  
P=0.43 

1.02 (0.76-1.36),  
P=0.92 

 
*adjusted for: age, gender, BMI, diabetes, cholesterol, smoking, hemoglobin, eGFR, background cardiovascular 
comorbidities, 24h urinary protein and number of anti-hypertensive drugs. In this model we did not adjust for average 
systolic office BP (long term BP variability) or the corresponding average values of 24h, day-time and night-time BP 
because the coefficient of Variation already adjusts variability for the average value (CV = SD/average value x 100) 
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Supplemental Table 3 
 
Absolute, cumulative risk during follow up of the combined endpoint (CV events/death) according 
to tertiles of different indexes of BP burden and the long term BP variability. 
 

 Average Systolic Office BP (tertiles)  
P value  I  

 
II 
 

III
 

Absolute risk of the 
combined outcome 
(CV events/death)(%) 

18.2% 30.7% 41.5% <0.001 

 Long term systolic BP variability (tertiles)
Standard deviation (SD) of average visit to visit Systolic BP 

 

 I  
 

II  
 

III 
 

 

Absolute risk of the 
combined outcome 
(CV events/death)(%) 

23.0% 28.8% 38.0% 0.04 

 

 Average 24h Systolic BP (tertiles)  
 I  

 
II  
 

III 
 

 

Absolute risk of the 
combined outcome 
(CV events/death)(%) 

26.1% 23.5% 45.2% <0.001

 

 Average day-time Systolic BP (tertiles)  
 I  

 
II 
 

III
 

 

Absolute risk of the 
combined outcome 
(CV events/death)(%) 

27.0% 17.4% 49.6% <0.001

 Average night-time Systolic BP (tertiles)  
 I  

 
II 
 

III
 

 

Absolute risk of the 
combined outcome 
(CV events/death)(%) 

23.2% 28.9% 42.4% 0.003
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Supplemental Table 4 
 
Absolute number, cumulative risk, incidence rate, total person-time and crude hazard ratio of the 
combined endpoint (CV events/death) according to tertiles of different indexes of systolic BP 
variability. 
 

 Long term systolic BP variability (n=366) 
 I tertile II tertile III tertile 
Combined outcome (CV 
events/death) (n, %) 

26 
(23.0%) 

38 
(28.8%) 

46 
(38.0%) 

Incidence rate (events per 100 
persons-year) and 95% CI 

4.6 
(3.0-6.7) 

6.3 
(4.4-8.6) 

11.4 
(8.3-15.2) 

Total person-time (years) 572 606 405 
Hazard ratio, 95% CI and P 
value 

1* 1.30 (0.79-2.14), 
P=0.30 

2.07 (1.28-3.35) 
P=0.003 

 Short term systolic BP variability (n=402) 
 I tertile II tertile III tertile 
Combined outcome (CV 
events/death)(n, %) 

24 
(17.9%) 

45 
(33.8%) 

56 
(41.5%) 

Incidence rate (events per 100 
persons-year) and 95% CI 

2.8 
(1.8-4.2) 

6.5 
(4.7-8.7) 

8.5 
(6.4-11.0) 

Total person-time (years) 847 695 661 
Hazard ratio, 95% CI and P 
value 

1* 2.15 (1.31-3.54),  
P=0.002 

2.86 (1.31-1.77),  
P<0.001 

*Reference group. 
 


