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Background: Increasing evidence has shown that visit-to-visit variability (VVV) of blood pressure (BP) is associated with an in-
creased risk of cardiovascular disease (CVD). The objective of this study was to evaluate the impact of VV'V of systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP) on the risk of CVD among patients with type 2 diabetes mellitus (T2DM) in China.
Methods: We conducted a retrospective cohort study of 10,163 T2DM patients who were not previously diagnosed with CVD
from January 2008 to December 2012 in Ningbo, China. The VV'V of BP was calculated using five metrics, including standard de-
viation (SD), coefficient of variation (CV), variation independent of mean, average real variability, and successive variability (SV)
of measurements, obtained over a 24-month measurement period. Hazard ratios and 95% confidence intervals (Cls) were esti-
mated by Cox proportional hazards regression models for the associations of variability in BP with risk of CVD.

Results: A total of 894 CVD events were observed during a median follow-up of 49.5 months. The hazard ratio in the highest
quintile of SD of SBP was 1.24 (95% CI, 1.01 to 1.52) compared with patients in the lowest quintile. The association between high-
er VVV of DBP and risk of CVD was not consistent across different metrics and sensitivity analyses.

Conclusion: Higher VVV of SBP was associated with an increased risk of CVD, irrespective of the mean SBP level. Future studies
are needed to confirm these findings.
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INTRODUCTION

Cardiovascular disease (CVD) is a major cause of death and
disability in patients with diabetes and consumes a significant
portion of diabetes resources at a national level [1]. The ap-
proach recommended by the diabetic management guidelines
is to maintain optimal blood pressure (BP) [2,3]. Recently, in-

creasing attention has been paid to the prognostic value of vis-
it-to-visit variability (VVV) for CVD events [4,5].

VVYV of BP was first investigated by Grove et al. [6]. Roth-
well et al. [7] found that VV'V in systolic blood pressure (SBP)
and maximum SBP were strong predictors for stroke, indepen-
dent of mean SBP. Several prospective as well as retrospective
studies of VV'V of SBP were conducted in various patient pop-
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ulations [7-11]. A recent meta-analysis that included 23 studies
concluded that VV'V of SBP was associated with a risk of CVD
incidence [12]. A limited number of studies have reported the
association between VVV of SBP and CVD among patients
with diabetes [12-16], but only one study reported that VVV
of diastolic blood pressure (DBP) was a significant predictor of
CVD incidence among patients with type 2 diabetes mellitus
(T2DM) [17]. Moreover, the effect of VVV of SBP on cardio-
vascular events may demonstrate heterogeneity between Chi-
nese and non-Chinese populations. A study conducted in the
UK revealed a lower risk of CVD among diabetic patients of
Chinese ethnicity compared to the risk of patients of other eth-
nicities, such as Caucasian and Indian [18]. Evidence on the
association between VVV of SBP and CVD among Chinese
diabetic patients remains limited.

Thus, population-based studies among patients with diabe-
tes are still needed to increase the body of evidence on the as-
sociation of VVV of BP with risk of CVD events. We conduct-
ed a large retrospective cohort study aimed to evaluate the as-
sociation between VVV of BP and CVD risk among T2DM
patients in China.

METHODS

Study design

This population-based retrospective cohort study was con-
ducted between January 1, 2008 and December 31, 2012 in
Yinzhou District, Ningbo, Zhejiang province, China. Yinzhou
is the largest district in Ningbo and has an adult population of
approximately 961,000 people. Yinzhou has established a
Health Information System (Yinzhou HIS) covering all health
services, including public hospitals and primary-care clinics
[19,20]. In Yinzhou, CVDs and diabetes were required to be
reported for disease surveillance and management by local
general practitioners (GPs). GPs were also required to follow
up with these patients at an interval of approximately 3 months,
and outcome records were uploaded into the Chronic Disease
Registry System. For CVD cases treated outside the Yinzhou
region, the events were recorded and updated during the fol-
low-up with the GP.

Data on T2DM patients were retrieved from the Chronic
Disease Registry System in the Yinzhou HIS, which were cod-
ed as E11.X according to the 10th version of the International
Classification of Diseases (ICD-10). A unique and encoded
identifier was created for each patient in the Yinzhou HIS. We
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used this identifier to link all related databases to obtain the
relevant covariates. The date of the first BP recording was de-
fined as the baseline. The BP measurement period was defined
as 24 months after baseline; thus, a total of nine BP measure-
ments were used to calculate the VVV of BP. In the current
study, T2DM patients with the first BP measurement record
between January 1, 2008 and December 31, 2012 were includ-
ed. The exclusion criteria were as follows: (1) Patients who had
CVD events before baseline or during the BP measurement
period and (2) Patients who were not followed regularly at an
interval of approximately 3 months or had more than one
missing BP value during the measurement period.

CVD events consisted of myocardial infarction and cerebro-
vascular disease, which were coded as 120 to 125 and 160 to 169
according to the ICD-10 in the Yinzhou HIS. Each patient was
followed until the date of a cardiovascular event, death, the last
known follow-up date or December 31, 2016, whichever oc-
curred first.

BP variability measurements and visit-to-visit variability
The procedures for measuring BP during the BP measurement
period followed standardized guidelines that included quality
control measures [21]. The BPs of all the subjects were mea-
sured using a mercury sphygmomanometer while the patients
were in a seated position after resting for 5 minutes. The first
and fifth Korotkoff sounds were used to measure SBP and DBP,
respectively. The quality control measures implemented for BP
measurement were as follows. All hospitals and clinics in the
region followed the same standardized protocol for BP mea-
surement. At least two BP measurements were taken at each
visit with a break between the measurements of at least 1 min-
ute, and the average value was recorded by community doc-
tors. The mercury sphygmomanometer was calibrated every
six months. Talking and a full bladder were avoided during the
measurement of BP. The average of the BP measurements was
recorded by the doctors and uploaded into the Yinzhou HIS.
The standard deviation (SD) was used as the main metric of
visit-to-visit blood pressure variability (BPV), and the other
four metrics included the coefficient of variation (CV), succes-
sive variability (SV), average real variability (ARV), and vari-
ance independent of the mean (VIM). SD and CV account for
the total variability around the mean BP across visits, while
ARV and SV measure the differences in BP from one visit to
the next. VIM was first used by Rothwell mainly to reduce the
correlation between the measurement of BPV (take SD as an
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example) and the mean BP value. VIM was defined as SD/
(mean*), while ) was calculated through curve fitting. The
mean BP value for each patient, averaged over all BP values re-
corded during the BP measurement period, was considered as
a covariate. Detailed information for all metrics of VVV BP is
listed in Supplementary Table 1.

Baseline covariates included the demographic characteris-
tics, clinical parameters, and treatment modalities of the pa-
tients. Demographic characteristics included age, sex, body
mass index (BMI), and smoking and alcohol drinking status.
Current smoking was defined as having smoked at least one
cigarette per day for 1 year or more. Current alcohol drinkers
were defined as patients who consumed at least 100 g of any
type of alcohol per week for the last year. Clinical parameters
consisted of duration of diabetes and lipid profiles (including
fasting plasma glucose, total cholesterol, triglycerides, high
density lipoprotein cholesterol, and low density lipoprotein
cholesterol). Treatment modalities included the use of antihy-
pertensive drugs, oral antidiabetic drugs or insulin, and the use
of lipid lowering treatments.

Statistical analysis
Descriptive analyses were used to analyze the baseline charac-
teristics. Univariate analyses were used to test the differences
among the quintiles of the SDs of SBP of patients and between
patients included and excluded from the present study. Pear-
son’s correlation coefficients were estimated between measures
of VVV of BP and mean BP during the measurement period.
Multivariate Cox proportional hazards regression models were
performed to evaluate the effect of BP variability on cardiovas-
cular outcomes after adjusting for age (continuous variable),
sex (man or woman), duration of diabetes mellitus (continu-
ous variable), smoking status (current or not), alcohol drink-
ing status (current or not), BMI (continuous variable), use of
glucose treatment (yes or no), use of BP lowering treatment
(yes or no), and use of lipid lowering treatment (yes or no)
(model I), or variables in model I plus mean BP values (contin-
uous variable) (model IT). Each BP variability measure was cat-
egorized by quintiles with a reference level of the lowest quin-
tile. Linear trends across the quintiles were calculated by in-
cluding the quintile as a continuous variable (ranging from 1
to 5) in the models.

Subgroup analyses were conducted through stratification by
age (>60 and <60 years), sex (male or female), use of anti-hy-
pertensive drugs (yes or no), and use of lipid lowering treat-
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ments to minimize potential bias. We also performed sensitivi-
ty analyses to examine the stability of our results. Patients with
eight (n=>5,642) and nine (n=4,521) BP readings were evaluat-
ed separately. Sensitivity analyses were also performed by re-
stricting the analysis to patients with BP <140/90 and <130/80
mm Hg during the measurement period. We also excluded pa-
tients who had no information regarding their lipid profile at
baseline, who were diagnosed with diabetes mellitus less than 1
year prior or who were followed for less than 1 year after the
measurement period. In addition, we classified the SDs of SBP
into five groups (<5, 5.1 to 7.5, 7.6 to 10, 10.1 to 15, and >15
mm Hg) to determine whether maintaining an SBP within 10
mm Hg was an optimal target for BP variability control [13]. To
explore the nonlinear relationships between CVD and the SDs
of SBP as a continuous variable, we used restricted cubic splines
with 4 knots placed at 5, 7.5, 10, and 15 mm Hg. All analyses
were conducted in R software 3.3.2 (https://www.r-project.
org/). A two-sided P<0.05 was considered statistically signifi-
cant.

Ethics approval and consent to participate

This study conformed to the guidelines of the Declaration of
Helsinki, and the study procedures were reviewed and ap-
proved by the ethics committee of the School of Medicine,
Zhejiang University (No. 2018-028). Each patient agreed to
participate and signed the informed consent form.

RESULTS

A total of 10,163 T2DM patients were included in the final
analysis. Fig. 1 shows a flow chart of this study. We excluded
450 patients who had a history of CVD at baseline, 387 patients
who developed CVD during the BP measurement period and
3,167 patients who were not regularly followed at an interval of
3 months or who had more than one missing BP value. The
mean age at baseline was 61.3 years, 60.9% were female, and
the median duration of DM was 40 months. The mean BP was
130.1/80.2 mm Hg at baseline. Table 1 summarizes the baseline
characteristics of all patients included. The characteristics of
the patients excluded from the current study are listed in Sup-
plementary Table 2. During a median of 49.5 months of follow-
up, a total of 894 cardiovascular events were recorded. Pear-
son’s correlation coefficients between mean BP level and VVV
BP metrics are shown in Supplementary Table 3.

Table 2 presents the association of SBP VVV with the risk of
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Baseline
14,617 patients

BP measurement period

10,163 patients

Exclusion:
450 Patients had a history of CVD
387 Patients had CVD during this
period

3,167 Patients had more than 1
missing value of 9 BP measurement
or were not regularly followed up

Follow-up period

Included

Months after baseline

24

Fig. 1. Study design for the investigation of the association of visit-to-visit variability (VVV) in blood pressure (BP) and cardio-
vascular disease (CVD). The BP measurements during the measurement period (0, 3, 6, 9, 12, 15, 18, 21, 24 months after baseline)
were used to calculate the mean and VVV. The median follow-up period was 49.5 months.

Table 1. Baseline characteristics of included patients in the present study

SD of SBP SD of SBP SD of SBP SD of SBP SDofSBP  Pvalue
. . Quintile 2 Quintile 3 Quintile 4 .
Characteristic Total Quintile 1 Quintile 5 for
(<4.51 mm Hg) (ZiSl e (E5Eme (B (=10.28 mm Hg) difference
: 8 <598mmHg) <7.62mmHg) <1028 mmHg) =~ = 8

No. of patients 10,163 2,035 2,023 2,040 2,032 2,033

No. of cases 894 162 127 159 168 278

Cumulative incidence rate, 8.8 8.0 6.3 7.8 8.3 13.7 <0.001
%

Median follow-up time, mo, 49.5 (13.1) 49.2 (13.6) 49.3 (11.1) 49.4 (13.0) 49.4 (12.1) 50.4 (14.0) <0.001
median (IQR)

Person-years 60,420 12,067 12,040 12,145 12,036 12,133

Incidence density, 14.8 134 10.5 13.1 14.0 22.9 <0.001
case/1,000 person-yr

Patients characteristics
Age 61.3+£10.5 60.7+10.4 60.5+10.9 61.4+10.2 62.1£10.6° 64.1+£10.0° <0.001
Female sex 6,185 (60.9)  1,206(59.3)  1,179(583)  1,219(59.8)  1262(62.1)*  1,319(64.9°  <0.001
Body mass index, kg/m2 24.1+£2.6 242+2.4 24.1+£2.6 24.0+2.7 24.1+£2.6 24.2+2.6° 0.967
Duration of diabetes mel-  40.1 (9.3) 36.3(7.9) 38.7(8.2) 39.4(9.1) 40.6 (10.8)* 454 (11.7)° <0.001

litus, mo, median (IQR)

Smoking 2,373 (23.3) 510 (25.1) 491 (24.3) 483 (23.7) 467 (23.0) 422 (20.8)* 0.016
Alcohol drinking 1,317 (13.0) 267 (13.1) 251(12.4) 265 (13.0) 267 (13.1) 267 (13.1) 0.950
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Table 1. Continued
SD of SBP SQI?11(1)1ft1Sl}e31; SQI?liqul}:l; SQI?J;fUSl}:z SD of SBP Pvalue
Characteristic Total Quintile 1 Quintile 5 for
(<4.51 mm Hg) (40 (Zoand (27 e (210.28 mm Hg) difference
’ <598 mmHg) <7.62mmHg) <1028 mmHg) "~
Education <0.001
Iliterate 485 (4.8) 111 (5.5) 106 (5.2) 103 (5.0) 100 (4.9) 65(3.2)
Literate 2,146 21.1) 462 (22.7) 443 (21.9) 468 (22.9) 424 (20.9) 349 (17.2)
Elementary school 5417(53.3) 1,131(55.6)  1,088(53.8)  1,064(522)  1,043(51.3) 1,091 (53.7)
High school 1,945 (19.1) 302 (14.8) 346 (17.1) 379 (18.6) 424 (20.9) 494 (24.3)
College or above 169 (1.7) 29 (1.4) 40 (2.0) 26 (1.3) 40 (2.0) 34(1.7)
Fasting plasma glucose, 8.1£4.0 8.0+£3.8 7.7+3.7¢ 8.0+4.4 8.4+4.7 8.6+3.3° <0.001
mmol/L
Lipid profile
Total cholesterol, mmol/L 6.7t14 7.6+1.7 6.9+1.5 6.3+1.4% 6.0+£1.3° 6.6+1.4° <0.001
Triglycerides, mmol/L 2.6+1.3 2.5+1.2 2.6+14 24+1.2 22+1.1° 22+1.3° <0.001
High-density lipoprotein, 2.1+0.6 2.3+0.7 2.2+0.6 2.1+0.6* 1.94+0.5% 2.2+0.6" <0.001
mmol/L
Low-density lipoprotein, 4.6+0.8 4.8+1.6 46+14 4.5+14° 4.2+1.3% 4.7+1.5% <0.001
mmol/L
Any use of blood glucose 9,625 (94.7) 1,929 (94.8) 1,926 (95.2) 1,929 (94.6) 1,915 (94.2) 1,926 (94.7) 0.736
treatment
Any use of BP lowering 4,981 (49.0) 876 (43.0) 892 (44.1) 963 (47.2) 1,048 (51.6) 1,202 (59.1) <0.001
treatment
Any use oflipid lowering 925 (9.1) 160 (7.9) 148 (7.3) 183 (9.0)* 206 (10.1)* 228 (11.1)° <0.001
treatment
Blood pressure at baseline
SBP, mm Hg 130.1+11.7 129.8+6.4 129.6+7.4 129.9+9.2 131.4+11.4° 134.7+18.8° <0.001
DBP, mm Hg 80.2+13.0 80.3+6.0 80.4+15.0 80.5+12.3 80.9+7.1 82.2+19.6° <0.001
Blood pressure during
measurement period
SBP, mm Hg 131.1+7.1 129.4+5.0 128.9+5.0 129.1+5.3 130.2+6.6° 132.9+10.9° <0.001
DBP, mm Hg 80.9+6.5 80.2+6.7 79.8+6.0 79.9+5.7 80.2+6.5 80.9+7.4* <0.001

Values are presented as mean +standard deviation or number (%) unless

otherwise indicated. Continuous variables were tested by ANOVA or

Kruskal-Wallis test, and categorical variables were tested by chi-square test.
SD, standard deviation; SBP, systolic blood pressure; IQR, interquartile range; DBP, diastolic blood pressure.

*P<0.05 for post hoc analysis with SD of SBP quintile 1 as a reference.

cardiovascular events after adjusting for age, sex, duration of
diabetes mellitus, BMI, smoking status, alcohol drinking sta-
tus, fasting plasma glucose, use of any BP lowering treatments,
use of any blood glucose lowering treatments and use of any
lipid lowering treatments (model I). Patients in the highest
quintile of SBP SD had a 29% higher risk of CVD compared
with the lowest quintile (hazard ratio [HR], 1.29; 95% confi-
dence interval [CI], 1.06 to 1.57). After additional adjustment
for mean SBP during the measurement period (model 2), the

354

corresponding HR for the highest quintile versus lowest was
1.24 (95% CI, 1.01 to 1.52), and the trend remained significant
(P for trend <0.001). The results did not significantly change
when we modeled the other four VVV SBP parameters. A
similar but statistically nonsignificant association was ob-
served between SD DBP and the risk of CVD (Q5 vs. QI: HR,
1.22; 95% CI, 0.99 to 1.50) (Table 3). The results of BPV mod-
eled as a continuous variable in different ranges of SBP and
DBP are listed in Supplementary Table 4.
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Table 2. HRs and 95% ClIs for cardiovascular disease, associated with visit-to-visit SBP variability

Model I* Model 11
Variable
Adjusted HR (95% CI) P for trend Adjusted HR (95% CI) P for trend
SD SBP, mm Hg <0.001 <0.001
Q1 (<4.51) 1.00 (reference) 1.00 (reference)
Q2 (>4.51and <5.98) 0.76 (0.60-1.02) 0.77 (0.61-1.03)
Q3 (>5.98and <7.62) 0.92 (0.74-1.15) 0.95(0.76-1.18)
Q4 (=7.62 and <10.28) 0.90 (0.72-1.12) 0.90 (0.72-1.12)
Q5 (>10.28) 1.29 (1.06-1.57)° 1.24 (1.01-1.52)°
CV SBP, mm Hg <0.001 0.026
Q1(<3.49) 1.00 (reference) 1.00 (reference)
Q2 (>3.49 and <4.62) 0.77 (0.61-1.02) 0.79 (0.62-1.01)
Q3 (>4.62 and <5.89) 0.96 (0.77-1.19) 0.98 (0.79-1.22)
Q4 (>5.89and <7.84) 0.89 (0.71-1.10) 0.90 (0.72-1.11)
Q5 (>7.84) 1.24 (1.02-1.51)° 1.23 (1.01-1.50)°
VIM SBP, mm Hg 0.007 0.027
Q1(<1.72) 1.00 (reference) 1.00 (reference)
Q2 (>1.72and <2.27) 0.74 (0.58-1.05) 0.79 (0.60-1.04)
Q3 (22.27 and <2.90) 0.93(0.75-1.16) 0.95 (0.77-1.18)
Q4 (>2.90 and <3.85) 0.89 (0.72-1.11) 0.91 (0.73-1.12)
Q5 (>3.85) 1.20 (0.99-1.47) 1.20 (1.04-1.46)°
ARV SBP, mm Hg 0.031 0.025
Q1 (<4.00) 1.00 (reference) 1.00 (reference)
Q2 (>4.00 and <5.71) 1.05 (0.84-1.30) 1.06 (0.85-1.32)
Q3 (>5.71 and <7.63) 0.95(0.76-1.19) 0.97 (0.77-1.21)
Q4 (>7.63and <10.57) 0.95(0.77-1.19) 0.96 (0.77-1.20)
Q5 (>10.57) 1.29 (1.06-1.58)¢ 1.24 (1.01-1.52)°
SV SBP, mm Hg 0.046 0.037
Q1 (<5.45) 1.00 (reference) 1.00 (reference)
Q2 (=5.45 and <7.46) 0.94 (0.75-1.17) 0.96 (0.77-1.20)
Q3 (>7.46 and <9.74) 0.86 (0.69-1.07) 0.89 (0.71-1.11)
Q4 (29.74and <13.44) 0.88 (0.70-1.09) 0.89 (0.72-1.11)
Q5 (=13.44) 1.26 (1.03-1.54)° 1.24 (1.01-1.52)

HR, hazard ratio; CI, confidence interval; SBP, systolic blood pressure;

SD, standard deviation; CV, coefficient of variation; VIM, variation inde-

pendent of mean; ARV, absolute real variability; SV, successive variation.

*Model I included adjustment for age, sex, duration of diabetes mellitus, smoking status, alcohol drinking status, body mass index, baseline fast-
ing plasma glucose, use of glucose treatment, use of antihypertensive treatment and use of lipid lowering treatment, "Model I included the same
adjustment as Model I plus mean SBP during measurement period, °P<0.05 with Quintile 1 as reference.

Fig. 2 shows that the VVV of SBP is an independent predic-
tor of CVD across several sensitivity analyses, except when anal-
yses were restricted to patients aged <60 years or patients with
a maximum BP <130/80 mm Hg during the measurement pe-
riod. When patients were classified into five groups (<5 mm Hg,

http://e-dmj.org  Diabetes Metab J 2019;43:350-367

n=2,769;5.1 to 7.5 mm Hg, n=3,196;7.6 to 10 mm Hg, n= 2,018;
10.1 to 15 mm Hg, n=1,668; and >15 mm Hg, n=512 for SD of
SBP), the results showed that HRs for the 10.1 to 15 and >15
mm Hg groups were statistically significant (1.29 [95% CI, 1.03
to 1.61] and 1.56 [95% CI, 1.16 to 2.09], respectively), compared
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Table 3. HRs and 95% ClIs for cardiovascular disease, associated with visit-to-visit DBP variability

Model I* Model II°
Variable
Adjusted HR (95% CI) P for trend Adjusted HR (95% CI) P for trend
SD DBP, mm Hg 0.006 0.007
Q1 (<3.50) 1.00 (reference) 1.00 (reference)
Q2 (23.50 and <4.46) 1.01 (0.80-1.26) 1.01 (0.81-1.26)
Q3 (>4.46 and <5.39) 0.92(0.73-1.15) 0.92 (0.74-1.16)
Q4 (>5.39 and <6.78) 1.08 (0.87-1.35) 1.09 (0.88-1.35)
Q5 (26.78) 1.23 (1.00-1.51)° 1.22 (0.99-1.50)
CV DBP, mm Hg 0.020 0.018
Q1 (<4.35) 1.00 (reference) 1.00 (reference)
Q2 (>4.35and <5.59) 1.11 (0.89-1.38) 1.11 (0.89-1.38)
Q3 (=5.59 and <6.80) 1.01 (0.81-1.27) 1.02 (0.81-1.28)
Q4 (>6.80and <8.47) 1.03 (0.83-1.29) 1.04 (0.84-1.30)
Q5 (>8.47) 1.24 (1.00-1.52)° 1.24 (1.01-1.53)°
VIM DBP, mm Hg 0.099 0.070
Q1(<0.74) 1.00 (reference) 1.00 (reference)
Q2 (20.74and <0.97) 1.01 (0.81-1.25) 1.01 (0.81-1.26)
Q3 (20.97 and <1.20) 1.02 (0.82-1.27) 1.03 (0.83-1.28)
Q4 (>1.20and <1.49) 0.99 (0.80-1.23) 1.01 (0.81-1.25)
Q5 (>1.49) 1.11 (0.90-1.37) 1.12(0.91-1.38)
ARV DBP 0.684 0.719
Q1 (<3.13) 1.00 (reference) 1.00 (reference)
Q2 (>3.13 and <4.29) 1.11 (0.90-1.36) 1.11 (0.90-1.36)
Q3 (24.29 and <5.57) 0.92 (0.74-1.15) 0.92 (0.74-1.15)
Q4 (>5.57 and <7.14) 0.92 (0.74-1.14) 0.92 (0.74-1.14)
Q5 (27.14) 1.12 (0.92-1.38) 1.12 (0.91-1.37)
SV DBP 0.183 0.194
Q1 (<4.25) 1.00 (reference) 1.00 (reference)
Q2 (=4.25and <5.67) 1.24(0.99-1.54) 1.25(0.99-1.54)
Q3 (=5.67 and <7.07) 0.99 (0.79-1.24) 1.00 (0.80-1.25)
Q4 (>7.07 and <9.06) 0.97 (0.78-1.21) 0.98 (0.78-1.22)
Q5 (=9.06) 1.29 (1.05-1.58)° 1.28 (1.04-1.58)¢

HR, hazard ratio; CI, confidence interval; DBP, diastolic blood pressure; SD, standard deviation; CV; coefficient of variation; VIM, variation in-
dependent of mean; ARV, absolute real variability; SV, successive variation.

*Model I included adjustment for age, sex, duration of diabetes mellitus, smoking status, alcohol drinking status, body mass index, baseline fast-
ing plasma glucose, use of glucose treatment, use of antihypertensive treatment and use of lipid lowering treatment, "Model I included the same
adjustment as Model I plus mean DBP during measurement period, “P<0.05 with Quintile 1 as reference.

with the lowest group (<5 mm Hg). The results of the restricted DISCUSSION

cubic splines in the Cox regression models showed that the ad-

verse effect reached significance when the SD of SBP was higher  In the current study, we found positive associations between
VVV of SBP and risk of CVD among T2DM patients. The as-
sociations were consistent after multivariable adjustment and

than approximately 9 mm Hg (Supplementary Fig. 1).

356 Diabetes Metab J 2019;43:350-367  http://e-dmj.org



Blood pressure variability and cardiovascular outcomes

Subgroups

Male

Female

Age >60

Age <60

Patients with 8 BP readings

Patients with 9 BP readings

Exclude patients without lipid profile at baseline
Exclude patients receiving lipid lowering treatment
Duration of DM 21 year

Followup time 21 year

Patients with MaxBP <140/90 mm Hg

Patients with MaxBP <130/80 mm Hg
Receiving anti-hypertensive treatment

Not receiving anti-hypertensive treatment

Hazard ratio (95%Cl)
| 1.313 (1.028,1.730)
1.278 (1.019,1.623)

| 1.276 (1.025,1.587)
n 1.196 (0.962,1.430)
| 1.354 (1.032,1.777)
| 1.348 (1.041,1.670)

1.251 (1.012,1.523)

1.238 (1.073,1.447)

1.231 (1.017,1.549)

1.231 (1.017,1.549)

1.251 (1.052,1.513)

] 1.031 (0.961,1.121)

| 1.324 (1.084,1.535)
] 1.382 (1.023,1.628)

09 11 13 15 17 19

Fig. 2. Hazard ratio (95% confidence interval [CI]) for cardiovascular disease of Q5 compared to Q1 of standard deviation of sys-
tolic blood pressure (SBP) in different subgroups. Data were adjusted for sex, age, smoking status, alcohol drinking status, dura-
tion of diabetes mellitus, body mass index, baseline fasting plasma glucose, use of blood glucose treatment, use of antihyperten-
sive drugs, use of lipid lowering drugs and mean SBP values. Baseline low density lipoprotein cholesterol, high density lipoprotein
cholesterol, total cholesterol, and triglycerides were further adjusted when patients without baseline lipid profiles were excluded.

BP, blood pressure; DM, diabetes mellitus.

across several sensitivity analyses, demonstrating that VVV of
SBP was an independent predictor of CVD incidence irrespec-
tive of mean SBP values. The results of VVV of DBP were not
consistent across sensitivity analyses. Our findings could pro-
vide additional evidence for the prognostic value of VVV of
BP for CVD events in diabetic patients.

A number of studies have evaluated the associations between
VVV of BP and risk of CVD events. The majority of these stud-
ies were conducted in the general population or patients with
hypertension [22-27], and several studies also demonstrated
the adverse effect of high VVV in diabetes [28-31]. Ohkuma et
al. [14] used data from the Action in Diabetes and Vascular
Diseases: Preterax and Diamicron Modified Release Con-
trolled Evaluation-Observational study (ADVANCE-ON) and
found that VVV in SBP improved risk prediction beyond pre-
dictions using traditional risk factors, including mean SBP. A
territory-wide retrospective cohort study among Chinese pri-
mary care T2DM patients has identified that greater SBP vari-
ability may increase the risk of all-cause CVD mortality [13],
which is consistent with our results. Moreover, to our knowl-
edge, this is the first study that presents the association be-

http://e-dmj.org  Diabetes Metab J 2019;43:350-367

tween VVV of DBP and CVD events among Chinese T2DM
patients. Significant associations were observed in the highest
quintile of DBP compared with the lowest quintile when CV
and SV were used. Additional studies are needed to confirm
whether the VVV of DBP is a prognostic predictor of CVD
and whether it can provide additional information beyond that
provided by the VVV of SBP.

Our study found that CVD risk increased only in the highest
quintile of VVV of SBP, and CVD risk was insignificantly lower
in the second and third quintiles of VVV of SBP than in the first
quintile (The survival curve stratified by quintiles of SD SBP
was shown in Supplementary Fig. 2). Although the nonlineari-
ty test for variability metrics of SBP did not reach statistical
significance, this finding suggests that the relationship between
BP variability and CVD may not be perfectly linear, which has
been reported in several studies [22,32]. There may be a thresh-
old effect for the impact of BPV, and further studies are needed
to address this issue. When we classified patients into five
groups by arbitrary SBP values, group 4 (10.1 to 15 mm Hg)
and group 5 (>15 mm Hg) both had a higher risk of CVD com-
pared with that of the lowest group (SD SBP <5 mm Hg), and

357



Yu ZB, et al.

dmj

group 5 had the highest risk. When we modeled SD SBP as a
continuous variable in Supplementary Table 4, the results
showed that every 1 SD of SBP increase (6.5 mm Hg) was asso-
ciated with a 4% increase in the risk of CVD. The other four
metrics (CV, VIM, ARV, SV) were also statistically significant
when modeled as continuous variables. We also found that
SBP variability was more closely associated with cerebrovascu-
lar disease after stratification by disease subtypes (data not
shown), but these findings merit further investigation because
the number of ischemic heart disease cases was relatively small
in this study.

Evidence for the association between diastolic BPV and
CVD was limited and varied compared to the association of
CVD and systolic BPV [33,34]. However, it has been reported
that SBP is a more important prognostic factor than DBP in
the middle-aged population [35,36]. In this study, we found
that mean SBP during the measurement period had prognostic
value, whereas mean DBP did not (data not shown). On the
other hand, SBP was easier to accurately measure than DBP by
using a mercury manometer [37]. Thus, we believe that VVV
of SBP is a more robust prognostic indicator than VVV of DBP.

Although evidence for the detrimental effect of long-term
SBP variability has been consistent, it has still not been applied
in clinical practice [38]. Possible reasons may include the fol-
lowing: the variability needs months or years to be assessed,
and the metrics of VVV BP cannot be calculated easily. Our
study showed that the adverse effect of VVV of SBP reached
significance when the SD of SBP was used, which was consis-
tent with the previous finding that the optimal target for SBP
SD should be <10 mm Hg [13]. This finding might be used in
clinical settings for BP control among T2DM patients, as pa-
tients with diabetes usually have BP measurements taken in
the hospital.

One possible mechanism of the association between SBP
variability and CVD was reported as suboptimal BP control
[39,40]. However, our results remained consistent after we re-
stricted our analyses to patients with BP <140/90 mm Hg
(n=6,555). This finding indicated that T2DM patients with a
higher VVV of BP still had a higher risk of CVD even when
BP values were under control. When the included patients
were further restricted to those with SBP <130/80 mm Hg
during the measurement period (n=1,480), no associations
were observed between SD of SBP and CVD. Future studies
with a large sample size are needed to validate this finding.

Arterial stiffness, endothelial dysfunction and coronary ar-
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tery calcification have also been reported as potential explana-
tions for the adverse effects of high VVV [41-45]. Faramawi et
al. [43] reported that increased BP variability was associated
with endothelial dysfunction, which accelerates atherosclero-
sis, thus increasing the risk of CVD. Shimbo et al. [42] found
that SDs of SBP were inversely associated with aortic distensi-
bility. Unfortunately, information on vascular wall status was
not available in the current study. Further studies are required
to better underlie the mechanistic relationships.

Our study has several strengths, including the large sample
size, BP variability measurements and the relatively long-term
follow-up time. We used a rigorous inclusion criterion of at
least eight visits to calculate BP variability because a recent me-
ta-analysis reported that the number of visits used to quantify
VVV of BP affects the magnitude of the VVV itself [46]. We
also used five metrics to measure VVV of BP, which added to
the robustness of our work. However, limitations of our study
should be noted. First, causality cannot be concluded due to
the natural limitation of the retrospective observational cohort
design. Patient characteristics and clinical information collect-
ed in this study were uploaded into the HIS in the past when
patients were undergoing physical examinations or other
health tests, which reduced the occurrence of recall bias. Fur-
ther prospective studies are required to confirm our results.
Second, selection bias cannot be ruled out because we exclud-
ed 3,167 patients due to irregular follow-up or missing BP val-
ues. However, the baseline characteristics of patients who were
excluded and of those who were included were similar; thus,
the risk of selection bias of the current study is acceptable.
Third, there may be ascertainment bias of CVD because the
accuracy of the Yinzhou HIS was not validated. This ascertain-
ment bias could influence CVD events at baseline and during
the follow-up period, especially for the patients who left
Yinzhou district and did not return again, who could only be
followed via telephone by local GPs. These patients were easily
lost to follow-up. Fourth, information on patients’ adherence
to treatment was not available in this study. However, because
the frequency of visits to clinics somehow reflects the adher-
ence to treatment, our inclusion of only patients with 8 or 9 BP
readings reduced the heterogeneity of adherence to treatment
to some extent. Fifth, data on potential cofounders, such as
certain kind of anti-diabetic drugs, anti-hypertensive drugs
and hemoglobin, were not available in the current study, which
may limit the generalizability of our results. Finally, although
the standard guideline for the BP measurement process was
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consolidated between all clinics and hospitals as mentioned
above, manual measurement using a mercury sphygmoma-
nometer may cause more human error than measurements
conducted by an automated device. Thus, the method of BP
measurement may be a confounding factor of BPV and merits
further investigation.

In summary, our study provides evidence to support the as-
sociation between VVV of SBP and risk of CVD among
T2DM patients, regardless of mean BP levels. Moreover, our
findings confirmed that an optimal target for a VVV SD of SBP
control might be <10 mm Hg. Future studies are required to
explore the potential mechanism underlying the increased risk
of CVD associated with increased VV'V of SBP.
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Supplementary Table 1. Measures of blood pressure variability

Metrics Definition Formula

SD Standard deviation -
Z (xi -X ) :
i=1

(n—1)

Cv Coeflicient of variation 100xSD/x
VIM Variation independent of mean kxSD/x™
ARV Average real variability

1 n—1
LSkl
i+l i

n—13

1 n-1
Z(xm -x,)’
n—143

n stands for the number of blood pressure measurements. x; stands for the
blood pressure value for certain measurement.

NY% Successive variation
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Supplementary Table 2. Baseline characteristics for included and excluded patients

dmj

Characteristic Included (2=10,163) Excluded (n=4,004)
Age, yr 61.3+10.5 61.8+11.6
Female sex 6,185 (60.9) 2,551 (63.7)
Body mass index, kg/m* 24.1+2.6 23.8+34
Duration of diabetes mellitus, mo, median (IQR) 40.1 (9.3) 39.2 (7.4)
Smoking 2,373 (23.3) 909 (22.7)
Alcohol drinking 1,317 (13.0) 457 (11.4)
Education
Illiterate 485 (4.8) 218 (5.4)
Literate 2,146 (21.1) 863 (21.6)
Elementary school 5,417 (53.3) 1,996 (49.9)
High school 1,945 (19.1) 803 (20.1)
College or above 169 (1.7) 124 (3.1)
Fasting plasma glucose, mmol/L 8.1+4.0 8.0+3.0
Any use of blood glucose treatment 9,625 (94.7) 3,277 (81.8)
Any use of blood pressure lowering treatment 4,981 (49.0) 1,506 (37.6)
Any use of lipid lowering treatment 925(9.1) 259 (6.5)
Blood pressure at baseline
SBP, mm Hg 130.1£11.7 130.5£11.5
DBP, mm Hg 80.2+13.0 80.5%+7.13

Values are presented as mean + standard deviation or number (%) unless otherwise indicated.
IQR, interquartile range; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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Supplementary Table 3. Pearson’s correlation coefficients between mean SBP and VVV metrics
Metrics Mean SD (0% VIM ARV SV
SBP

Mean 1.00

SD 0.83° 1.00

CvV 0.63" 0.92° 1.00

VIM 0.57 0.89° 0.99° 1.00

ARV 0.77° 0.92° 0.85° 0.81° 1.00

SV 0.82° 0.97° 0.87° 0.82° 0.97° 1.00
DBP

Mean 1.00

SD 0.73° 1.00

(0% 0.59° 0.95° 1.00

VIM 0.01 0.38° 0.60" 1.00

ARV 0.71° 0.96* 0.90° 0.36° 1.00

SV 0.73" 0.99° 0.93° 0.36° 0.98° 1.00

SBP, systolic blood pressure; VVV, visit-to-visit variability; SD, standard deviation; CV, coefficient of variation; VIM, variation independent of
mean; ARV, absolute real variability; SV, successive variation; DBP, diastolic blood pressure.

*P<0.01.
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Supplementary Table 4. HRs and 95% Cls for risk of cardiovascular disease

per SD increment in blood pressure variability

Blood pressure variability metrics o flj;)s'es HR pe(r9851;)i$;ement Pvalue
In the range SD SBP <8 mm Hg 4383
SD SBP 0.978 (0.676-1.415) 0.908
CV SBP 0.974 (0.692-1.371) 0.880
VIM SBP 0.974 (0.685-1.385) 0.884
ARV SBP 0.924 (0.722-1.183) 0.531
SV SBP 0.929 (0.658-1.311) 0.675
In the range SD SBP >8 mm Hg 411
SD SBP 1.063 (1.024-1.103) 0.001
CV SBP 1.084 (1.051-1.118) <0.001
VIM SBP 1.085 (1.053-1.117) <0.001
ARV SBP 1.055 (1.009-1.103) <0.001
SV SBP 1.048 (1.010-1.089) 0.014
In the range SD DBP <6 mm Hg 563
SD DBP 1.500 (0.559-4.029) 0.421
CV DBP 1.228 (0.737-2.045) 0.430
VIM DBP 1.232(0.720-2.110) 0.446
ARV DBP 0.781 (0.462-1.320) 0.355
SV DBP 0.807 (0.335-1.948) 0.634
In the range SD DBP >6 mm Hg 331
SD DBP 1.021 (0.920-1.134) 0.690
CV DBP 1.059 (0.999-1.123) 0.052
VIM DBP 1.033 (1.012-1.055) 0.002
ARV DBP 1.038 (0.937-1.151) 0.474
SV DBP 1.030 (0.927-1.145) 0.583

HR, hazard ratio; CI, confidence interval; SD, standard deviation; SBP, systolic blood
pressure; CV, coefficient of variation; VIM, variation independent of mean; ARV, ab-

solute real variability; SV, successive variation; DBP, diastolic blood pressure.
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Supplementary Fig. 1. Hazard ratio (HR) and 95% confidence interval (CI) for
standard deviation (SD) of systolic blood pressure (SBP) with cardiovascular dis-
ease by using restricted cubic splines with four knots placed at 5, 7.5, 10, 15 mm
Hg. Data were adjusted for age, sex, smoking status, alcohol drinking status, dura-
tion of diabetes mellitus, body mass index, usage of blood glucose treatment, usage
of antihypertensive treatment, usage of lipid lowering treatment. The red line rep-
resented HR and the blue lines represented 95% Cls.
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Supplementary Fig. 2. Kaplan-Meier curve of cardiovascular disease events ac-
cording to the quintiles of standard deviation of systolic blood pressure.
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