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Aims The relationships between long-term blood pressure (BP) measures and intracerebral haemorrhage (ICH), as well as their
predictive ability on ICH, are unclear. In this study, we aim to investigate the independent associations of multiple BP mea-
sures with subsequent 5-year ICH risk, as well as the incremental value of these measures over a single-point BP measure-
ment in ICH risk prediction.

Methods We included 12 398 participants from the China Kadoorie Biobank (CKB) who completed three surveys every 4-5 years. The

and results following long-term BP measures were calculated: mean, minimum, maximum, standard deviation, coefficient of variation, aver-
age real variability, and cumulative BP exposure (cumBP). Cox proportional hazard models were used to examine the associa-
tions between these measures and ICH. The potential incremental value of these measures in ICH risk prediction was assessed
using Harrell’s C statistics, continuous net reclassification improvement (cNRI), and relative integrated discrimination improve-
ment (rIDI). The hazard ratios (95% confidence intervals) of incident ICH associated with per standard deviation increase in
cumulative systolic BP and cumulative diastolic BP were 1.62 (1.25-2.10) and 1.59 (1.23-2.07), respectively. When cumBP was
added to the conventional 5-year ICH risk prediction model, the C-statistic change was 0.009 (—0.001, 0.019), the cNRI was
0.267 (0.070-0.464), and the rIDI was 18.2% (5.8—30.7%). Further subgroup analyses revealed a consistent increase in cNRI
and rIDI in men, rural residents, and participants without diabetes. Other long-term BP measures showed no statistically sig-
nificant associations with incident ICH and generally did not improve model performance.

Conclusion The nearly 10-year cumBP was positively associated with an increased 5-year risk of ICH and could significantly improve risk
reclassification for the ICH risk prediction model that included single-point BP measurement.

Lay summary  This prospective cohort study of Chinese adults investigated the independent associations of multiple blood pressure (BP)
measures with subsequent 5-year intracerebral haemorrhage (ICH) risk, as well as the incremental value of these measures
over a single-point BP measurement in ICH risk prediction.

e The cumulative BP exposure (cumBP) was positively associated with subsequent 5-year risk of ICH, independent of the
recent single-point systolic BP and diastolic BP levels.
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e The cumBP could improve the risk reclassification of the conventional 5-year ICH risk prediction model that included

single-point BP measurement for all participants, as well as for men, rural residents, and participants without diabetes.

Long term e Blood pressure variability ® Cumulative blood pressure ® Intracerebral haemorrhage e Risk prediction
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Introduction

Intracerebral haemorrhage (ICH) is one of the most common haemor-
rhagic stroke subtypes." In 2019, ICH accounted for 29.5% of all inci-
dent strokes in low- and middle-income countries, approximately
twice as many as in high-income countries.> Despite accounting for
less than one-third of all strokes, the prognosis of ICH is extremely
poor, with the case fatality rate as high as 50% at 30 days. Globally,
the proportion of stroke deaths attributable to ICH will rise from
44.3% in 2020 to 52.4% in 2050.% Because no effective treatment has
been demonstrated to significantly reduce mortality or improve neuro-
logical deficits following ICH, current guidelines for ICH management
focus primarily on managing risk factors to prevent ICH.*

Blood pressure (BP) is one of the most important modifiable risk fac-
tors for ICH, and it is more strongly associated with ICH than with sub-
arachnoid haemorrhage (SAH), ischaemic stroke, ischaemic heart
disease (IHD), and other vascular diseases.>” A growing number of
studies have found that, in addition to the absolute degree of BP eleva-
tion, greater BP variability (BPV) measured over years to decades is as-
sociated with a higher risk of cardiovascular disease (CVD).5'°
Long-term BPV measures, such as standard deviation (SD), coefficient
of variation (CV), average real variability (ARV), and cumulative BP ex-
posure (cumBP), have been linked to all-cause mortality,”'> myocardial
infarction,”"" coronary heart disease,"? and stroke,”'""? independent
of single-point BP measurement. Existing research, however, has not
consistently demonstrated the incremental value of these long-term
BPV measures beyond the single-point measurement in predicting the
risk of cardiovascular outcomes.'®'*~'® Furthermore, no study has
compared the predictive ability of various BPV measures on specific out-
comes using the same population data and a unified statistical strategy.

Previous studies have primarily examined the relationships between
single-point BP measurement and ICH, with little use of long-term BPV
measures.”"*" Only two studies conducted in China and The
Netherlands found that visit-to-visit BPV was associated with an in-
creased risk of haemorrhagic stroke.'®" These two studies did not dis-
tinguish between ICH and SAH. Neither study evaluated the additional
value of their respective BPV measures over single-point BP measure-
ment in haemorrhagic stroke risk prediction. More potentially valuable
BPV measures, such as cumBP, are warranted to be investigated in re-
lation to ICH, as well as a comparison of the incremental values of vari-
ous BPV measures in ICH risk prediction.

The current study analysed data from 12 398 Chinese adults who
participated in the China Kadoorie Biobank (CKB) and received three
surveys every 4-5 years. We aimed to examine the independent asso-
ciations between multiple long-term BPV measures and the incident
risk of ICH. We further assessed the incremental predictive value of
these BPV measures over a single-point BP measurement for a
5-year ICH risk prediction model.

Methods

Study design and population

During 2004-08, the CKB baseline survey enrolled more than 0.5 million
participants aged 30-79 from five urban (Qingdao, Harbin, Liuzhou,
Suzhou, and Haikou; represented by the city name) and five rural

(Sichuan, Zhejiang, Hunan, Gansu, and Henan; represented by the provincial
name) areas across China. About 5% of surviving participants were cluster-
sampled at the 2008 and 2013—14 resurveys. The baseline survey and resur-
vey design were previously described in detail.>**" Shortly after the baseline
survey was completed, all participants were followed up for mortality, mor-
bidity, and hospitalization events through linkages to local disease and mor-
tality registries and the national health insurance database, supplemented
with annual active confirmation. All events were coded using the
International Classification of Diseases, Tenth Revision (ICD-10), by trained
staff who were unaware of the baseline information. All participants pro-
vided written, informed consent. The study protocol was approved by
the Ethics Review Committee of the Chinese Center for Disease Control
and Prevention (Beijing, China) and the Oxford Tropical Research Ethics
Committee, University of Oxford (UK).

Atotal of 14 902 participants attended three surveys, namely the 2004—-08
baseline survey, the 2008 resurvey, and the 2013—14 resurvey. We excluded
participants with a self-reported history of heart disease or stroke at any of
three visits (n = 1684) or those who were documented with the incidence of
IHD (ICD-10: 120-125) or cerebrovascular disease (160-169) from baseline
until the 2013-14 resurvey date (n = 1551). Participants with missing data
for body mass index (BMI; n=1), waist circumference (n=2), and self-
reported diseases (n=20) were also excluded, leaving the present study
with 12 398 participants (Figure 7). The study outcome of interest was the
first incident ICH (161) from the 2013-14 resurvey until 31 December
2018. The adjudication for ICH showed that the positive predictive value
was 90.4% for reporting accuracy and 98.2% for diagnostic accuracy.”

Blood pressure measurement and correction

After at least 5 min of resting, all participants had their BP measured twice
from the right upper arm by trained staff using a UA-779 digital sphygmo-
manometer for the 2004-08 baseline survey and 2008 resurvey and
Omron HEM-7430 sphygmomanometer for the 2013—14 resurvey. If the
difference between two systolic BP (SBP) readings was >10 mmHg, a third
measurement was taken after a 1 min rest. The mean values of the last two
readings were used for analyses.® Participants were considered to have
hypertension if they had self-reported doctor-diagnosed hypertension,
were taking anti-hypertensive medication, or had a mean SBP of
>140 mmHg or a mean diastolic BP (DBP) of >90 mmHg.

In a previous study of the CKB population, outdoor temperature was
linked to significant seasonal variations in BP.2®> We, therefore, corrected
the measured BP values for seasonal fluctuations in ambient temperature
by standardizing them to mid-season (i.e. April) values in each area with ref-
erence to a previous study.?* Daily ambient temperatures were obtained
from the local Meteorological Services during the CKB baseline survey
and 2008 resurvey. Real-time temperature was recorded using an on-site
thermometer during the 2013-14 resurvey. For consistency, we replaced
the daily ambient temperatures at the baseline survey and 2008 resurvey
with real-time temperature values (precise to the hour) using meteoro-
logical data based on historical reanalysis data sets from the National
Aeronautics and Space Administration (NASA), provided by https://xihe-
energy.com.?> All participants were assigned a temperature value based
on the start time of the survey as recorded by the laptop for the survey.
Based on the known average treatment efficacy of anti-hypertensive drugs,
BP values in treated participants were further corrected by adding
15 mmHg to SBP and 10 mmHg to DBP.*

Other covariate assessments

A laptop-based questionnaire administered by an interviewer was used to
collect information on socio-demographic characteristics (e.g. age, sex, level
of education, occupation, marital status, and annual household income),
lifestyle and dietary factors (e.g. tobacco smoking, alcohol consumption,
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Data collection period
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Blood pressure measurements at three surveys Observation of outcome events
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baseline survey

resurvey

512,723 participants enrolled in the China Kadoorie
Biobank cohort at the 20042008 baseline survey

497,821 with only one or two

h 4

»
visits were excluded

14,902 attended three surveys

2,504 excluded:

* 1,684 with a self-reported history of heart disease
or stroke at any of three visits

+ 1,551 with incident THD or cerebrovascular
disease from baseline until the 2013-2014
resurvey

+ 23 had missing data for covariates

3

12,398 were eligible for inclusion in the study

Figure 1 Study design and flow chart of the study participants.

physical activity, and intake of fresh fruits, vegetables, and red meat), and
personal and family medical histories (e.g. heart attack, stroke, and dia-
betes). The assessment and definition of lifestyle and dietary factors have
been described elsewhere.”’ ! Anthropometric measurements were ta-
ken using standard procedures and instruments, including height, weight,
and waist circumference. Body mass index was calculated as weight in kilo-
grams divided by height in metres squared. A blood sample of 10 mL was
collected for storage and on-site glucose testing. Participants with self-
reported diabetes or screen-detected diabetes (a fasting time >8 h and a
plasma glucose concentration of >7.0 mmol/L, or a fasting time <8 h and
plasma glucose concentration of >11.1 mmol/L) were considered to have
diabetes.*

Statistical analysis

First, we calculated the mean, minimum (MIN), maximum (MAX), and SD of
three longitudinal SBP and DBP measurements for each participant. The CV
was calculated as SD divided by mean SBP or mean DBP. The ARV was the
average of the absolute difference between consecutive BP measurements.
The cumBP was the area under the curve for three BP measurements and
was calculated as:

BP1 + BP BP, + BP
cumBP = (% X T12) + (% X TB)

where BP, is the BP value at visit n and T, is the number of years between
visits @ and b.

The basic characteristics of the study participants of the 2013—14 resur-
vey were presented by tertiles of cumSBP and cumDBP. The groups were
compared using linear regression for continuous variables and logistic re-
gression for dichotomous variables, with adjustments for age, sex, and 10
study areas as appropriate. The linear trend was tested by treating
cumSBP and cumDBP as continuous variables in the model.

Person-years were calculated from the completion of the 2013-14 re-
survey to the first diagnosis of ICH, death, loss to follow-up, or 31
December 2018, whichever came first. The Cox proportional hazard mod-
el was used to calculate hazard ratios (HRs) and 95% confidence intervals
(Cls) for associations of ICH risk with per SD increase in SBP and DBP mea-
sures (mean, MIN, MAX, SD, CV, ARV, and cumBP), separately. The models
used age as the time scale and were stratified by age (5-year intervals), sex,
and study areas (10 groups) as appropriate. Model 1 was adjusted for age
(years), education (no formal school, primary school, middle school, high
school, technical school or college, and university), occupation (agriculture
and related workers, factory worker, administrator/manager, professional/
technical, sales and service workers, retired, house wife/husband, self-
employed, unemployed, and other/not stated), marital status (married,
widowed, separated/divorced, and never married), household income
(<¥2500, ¥2500-4999, ¥5000-9999, ¥10000-19 999, ¥20000-34 999,
¥35000-49 999, ¥50000-74 999, ¥75000-99999, and >¥100000),
smoking (never, former, and current daily <15, 15-24, or >25 cigarettes
or equivalent), alcohol drinking (less than weekly, former, weekly, and daily
<30, 30-59, or >60 g of pure alcohol), intake frequency of fresh fruits,
vegetables, and red meat (days/week), total physical activity level (metabolic
equivalent task-hour/day), BMI (kg/m?), waist circumference (cm), family
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history of CVD (yes/no), and prevalence of diabetes (yes/no). Model 2 was fur-
ther adjusted for single-point SBP and DBP. All covariate information was col-
lected from the 2013—14 resurvey. To control the probability of reporting
false-positive results for multiple hypothesis tests (n = 14), we additionally
set the cut-off a-value for Bonferroni correction as 0.05/14 = 0.004.33

We further evaluated the potential incremental predictive value of long-
term BPV measures in the 5-year ICH risk prediction. We first developed a
basic risk prediction model for ICH based on our previous CVD risk predic-
tion model.** The Cox model was used for model development and strati-
fied by sex and 10 study areas, with time since 2013—14 resurvey as the time
scale. Predictors included age (years), SBP (mmHg), DBP (mmHg), anti-
hypertensive treatment (yes/no), current daily smoking (yes/no), history
of diabetes (yes/no), and waist circumference (cm), all based on information
from the 201314 resurvey. The interactions between age and the other six
variables were also included. Since the anti-hypertensive treatment was one
of the predictors, no additional 15/10 mmHg was added to SBP and DBP.
We additionally added the CV, ARV, mean+SD +MIN+MAX, and
cumBP to the basic model separately. The model’s discrimination ability
was assessed by Harrell's C statistics.>> We calculated the 95% Cls for C
statistics and the difference in C-statistic values between the above four
models and the basic model by bootstrapping. A prior power analysis on
all participants indicated that a power of 80% could be achieved with a
C-statistic change of at least 0.003. The continuous net reclassification im-
provement (cNRI) and the relative integrated discrimination improvement
(rIDI) were also used to assess the reclassification performance of the mod-
els.**3” Analyses were performed on all participants and also stratified by
age (265 and <65 years), sex (men and women), area of residence (rural
and urban), and prevalence of diabetes (yes/no). We only presented results
from participants without diabetes at the 2013—14 resurvey because the
number of participants with diabetes was small.

We conducted several sensitivity analyses: (i) adjusted for self-reported
anti-hypertensive treatment at each visit as covariates instead of adding
15/10 mmHg to SBP/DBP; (ii) additionally adjusted for heart rate variability
(SD) and incorporated it into the basic prediction model; and (jii) addition-
ally adjusted for menopausal status at 2013—14 resurvey and incorporated it
into the basic prediction model for women.

The power analysis was performed using PASS (15.0.5). All other ana-
lyses were performed using Stata (version 15.0). Two-sided P-values of
<0.05 were considered statistically significant.

Results

Background characteristics of study
participants

The mean (SD) age of the 12398 participants was 50.3 (9.8) in the
2004-08 baseline survey and 584 (9.9) in the 2013-14 resurvey.
Women made up 62.1% of the participants, and 64.9% lived in rural
areas. Between the 2004-08 baseline survey and the 2013—14 resurvey,
the average SBP (SD) increased from 131.3 (19.8) to 136.6 (20.2)
mmHg, the average DBP (SD) increased from 77.6 (10.8) to 78.6
(11.0) mmHg, and the prevalence of hypertension increased from
31.4to 52.2%. Table 1 and Supplementary material online, Table ST dis-
play the basic characteristics of participants based on cumSBP and
cumDBP tertiles. Participants with higher cumSBP and cumDBP were
more likely to be older, live in rural areas, have a higher BMI and waist
circumference, and have a higher prevalence of daily alcohol drinking
and diabetes.

Associations between long-term blood
pressure measures and intracerebral

haemorrhage

Since the 201314 resurvey, incident ICH has occurred in 121 partici-
pants during a median follow-up of 5 years (59 653 person-years), with
an incidence rate of 2.03 per 1000 person-years. After controlling for
potential confounders, all long-term SBP measures from the 2004-08

baseline survey to the 2013—14 resurvey were associated with an in-
creased risk of ICH (Model 1 in Table 2). When further adjustments
for single-point SBP and DBP from the 2013-14 resurvey were
made, all effect sizes were attenuated (Model 2). Nevertheless, associa-
tions between 5 long-term SBP measures and ICH persisted except for
the Mean and MIN. The HRs (95% Cls) of incident ICH associated with
per SD increment in SBP measures were 1.65 (1.15-2.38) for MAX,
1.23 (1.03-1.48) for SD, 1.20 (1.01-1.43) for CV, 1.20 (1.01-1.42)
for ARV, and 1.62 (1.25-2.10) for cumSBP. The MAX and cumDBP
were the only DBP measures associated with an increased risk of
ICH, with HRs of 1.54 (1.08-2.19) and 1.59 (1.23-2.07) for each SD in-
crease, respectively. The cumSBP and cumDBP remained statistically
significant after Bonferroni correction at a P-value of <0.004.

Stratification analyses revealed that cumSBP and cumDBP were asso-
ciated with an increased risk of ICH in all age groups, men, rural resi-
dents, and participants without diabetes (Model 2 in Supplementary
material online, Tables $2-S5). Only in individual subgroups did other
SBP and DBP measures show statistically significant associations with
ICH. Positive associations between cumBP and ICH survived
Bonferroni correction in men, rural residents, and participants without
diabetes. Using self-reported anti-hypertensive treatment as a covariate
rather than adding 15/10 mmHg to SBP/DBP yielded generally consist-
ent results (data not provided). Sensitivity analyses that additionally ad-
justed for heart rate variability or female menopausal status did not
alter the results substantially (see Supplementary material online,
Tables S6 and S7).

Discrimination performance of prediction

models

When the CV or ARV of both SBP and DBP were included in the con-
ventional 5-year ICH risk prediction models, no statistically significant
improvement in C-statistic was observed in either all participants or
subgroups (Figure 2). Adding Mean + SD + MIN + MAX of both SBP
and DBP improved C-statistic only in men, with an increase (95% Cl)
of 0.016 (0.004-0.027).

The addition of both cumSBP and cumDBP resulted in a marginal im-
provement in model performance for all participants, with a C-statistic
change of 0.009 (—0.001, 0.019). When restricted to participants
without diabetes, adding cumBP to the model resulted in a moderate
discriminative improvement, with a C-statistic increase of 0.017
(0.002-0.031). There were no statistically significant increases in the
C-statistic in the other subgroups. Sensitivity analyses showed consist-
ent results (see Supplementary material online, Tables S8 and S9).

Reclassification performance of prediction

models

In the analyses of all participants and subgroups, most of the additions
of CV or ARV to conventional 5-year ICH risk prediction models did
not improve the model reclassification performance. Only adding
ARV resulted in a slight improvement in ¢cNRI in men (Table 3).
There was no improvement in cNRI or rIDI with the Mean +SD +
MIN + MAX of both SBP and DBP for all participants. However,
cNRI and rIDl increased in certain sex or area of residence subgroups,
with cNRIs (95% CI) of 0.294 (0.038-0.551) and 0.621 (0.241-1.001)
for men and urban residents, and rIDIs (95% CI) of 20.0% (4.0-
36.1%) and 20.1% (4.5-35.7%) for women and rural residents,
respectively.

When cumSBP and cumDBP were added to the model, the consist-
ently increased cNRI and rIDI indicated that the model’s reclassification
capacity was improved for all participants, as well as for men, rural
residents, and participants without diabetes. The largest cNRI and riDI
values were seen for participants without diabetes, with 0.372 (0.157-
0.587) and 26.2% (3.5-48.9%), respectively. The increased rIDI alone
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Table 1

Basic characteristics of participants by tertiles of cumulative blood pressure

Tertile of cumSBP

Tertile of cumDBP

Low Medium High P-value Low Medium High P-value
for for
trend trend
Age at 2004-08 baseline, years 47.1 (9.0) 49.7 9.5) 54.0 (9.7) <0.001 495 (10.3) 50.2 (9.8) 51.1(94) <0.001
Age at 2013—14 resurvey, years 54.7 (9.0) 57.8 (94) 62.6 (9.6) <0.001 571 (10.3) 58.3 (9.8) 59.6 (94) <0.001
Women, % 654 59.0 62.0 0.826 65.2 61.2 59.9 <0.001
Menopausal women, % 42.0 45.2 55.7 <0.001 45.7 46.9 50.3 <0.001
Rural, % 564 66.3 721 <0.001 56.2 65.6 72.8 <0.001
Middle school or above, % 453 44.9 44.7 0.528 45.0 44.6 45.3 0.980
Agriculture and related workers, % 349 319 30.2 <0.001 34.8 31.6 30.6 <0.001
Married, % 88.9 88.5 88.4 0.248 88.8 88.0 88.9 0.953
Household income >¥50 000, % 44.1 44.2 43.0 0.316 43.8 43.2 44.5 0.918
Current daily smoking, % 22.6 20.7 19.7 <0.001 22.6 204 20.1 <0.001
Current daily alcohol drinking, % 8.3 9.1 9.9 0.014 8.2 9.4 9.8 0.002
Daily food consumption, %
Fresh fruits 313 319 30.8 0.595 313 313 315 0.735
Fresh vegetables 95.8 96.4 96.8 0.006 95.8 96.4 96.9 0.001
Red meat 42.6 42.7 41.0 0.043 42.5 423 41.5 0.304
Total physical activity, MET-h/day 191 (139)  19.2 (14.1) 18.6 (13.6) 0.003 195(13.7) 18.9 (14.0) 185 (14.2) <0.001
Body mass index, kg/m’ 23.0(3.2) 241 (34) 249 (3.6) <0.001 23.1(3.3) 240 (33) 249 (3.6) <0.001
Waist circumference, cm 812 (9.2) 84.2 (9.5) 86.3 (10.2) <0.001 81.3 (94) 84.1 (9.3) 86.4 (10.1) <0.001
Diabetes, % 5.6 9.2 14.2 <0.001 71 9.6 126 <0.001
Hypertension, % 16.8 51.8 89.4 <0.001 243 50.1 82.4 <0.001
Anti-hypertensive treatment, % 2.5 12.8 448 <0.001 43 14.5 42.6 <0.001
Family history of cardiovascular disease, % 20.3 233 249 <0.001 20.3 225 257 <0.001
SBP at 2004-08 baseline, mmHg 1192 (124) 1287 (13.8) 1459 (19.9) <0.001 121.6 (146) 1296 (164) 1426 (208)  <0.001
SBP at 2013-14 resurvey, mmHg 1227 (12.7) 1354 (149) 151.7(19.2) <0001 1258 (16.3) 1363 (17.5) 1477 (19.7)  <0.001
DBP at 2004-08 baseline, mmHg 714 (84) 76.8 (9.0) 84.6 (11.0) <0.001 70.1 (7.9) 771 (8.2) 85.6 (10.2) <0.001
DBP at 2013—14 resurvey, mmHg 72.3 (8.8) 785 (9.9) 849 (114) <0.001 70.7 (8.2) 78.6 (8.6) 86.5 (10.3) <0.001
cumSBP, mmHg X year 905.7 (66.3) 1065.7 (45.4) 12981 (135.2) — 933.6 (104.2) 1071.1 (106.6) 1264.9 (158.9) <0.001
cumDBP, mmHg X year 540.8 (52.7) 630.2(55.9) 743.5(86.8) <0.001 532.5(41.3) 6288 (26.1) 753.1(689) —

The basic characteristics at the 2013-14 resurvey are presented in the table unless otherwise stated. Except for age, women, menopausal women, and urban variables, data were

presented as mean (SD) or percentage, with adjustments for age, sex, and study areas.

cumDBP, cumulative diastolic blood pressure; cumSBP, cumulative systolic blood pressure; MET-h/d, metabolic equivalent task-hour/day.

also suggested improvement in model performance due to the inclusion
of cumBP for women and participants aged 65 and over. Sensitivity ana-
lyses showed consistent results (see Supplementary material online,
Tables S8 and S9).

Discussion

In the current cohort study of 12 398 Chinese adults, the cumBP, based
on three repeatedly measured BPs every 4-5 years, was positively as-
sociated with subsequent 5-year risk of ICH, independent of the
most recent single-point SBP and DBP. The cumBP could improve
the risk reclassification of the conventional 5-year ICH risk prediction
model that included single-point BP measurement for all participants,
as well as for men, rural residents, and participants without diabetes.
Other long-term BPV measures, in comparison, showed no associa-
tions with incident ICH and generally failed to provide incremental ben-
efits in predicting ICH risk, despite slight improvements in risk
reclassification in individual subgroups.

The cumBP has been identified as a marker that allows for a more com-
prehensive assessment of the duration and intensity of long-term BP ex-
posure. Evidence from Western populations indicated that the cumBP
was associated with incident stroke'*® and predicted CVD risk.'>*®
The Lifetime Risk Pooling Project of American participants aged 45-60
found that every 130 mmHg X year increase in 10-year cumSBP was asso-
ciated with a 33% increase in the subsequent 12.9-year risk of stroke after
adjusting for the most recent single-point SBP and other covariates.'> Our
study also found robust and strong relationships between almost 10-year
cumBP and subsequent 5-year ICH risk, with each SD increase in cumSBP
(192 mmHg X year) and cumDBP (104 mmHg x year) associated with in-
creased ICH risks by 62 and 59%, respectively.

One of the primary goals of this study is to assess the incremental
value of cumBP and other long-term BPV measures for the convention-
al ICH risk prediction model with single-point BP measurement. We
did not find a statistically significant improvement in the C-statistic
when cumSBP and cumDBP were added to the conventional model.
However, the C-statistic is a conservative method for assessing changes
in model fit and hardly moves once some good risk factors have been
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Table 2 Associations between per 1 standard deviation increment in blood pressure measures and incident

intracerebral haemorrhage

SBP

Mean, per 19.5 mmHg

MIN, per 17.8 mmHg

MAX, per 23.3 mmHg

SD, per 6.8 mmHg

CV, per 4.5%

ARV, per 8.4 mmHg

cumSBP, per 191.9 mmHg X year
DBP

Mean, per 10.4 mmHg

MIN, per 10.2 mmHg

MAX, per 11.8 mmHg

SD, per 3.6 mmHg

CV, per 4.4%

ARV, per 4.6 mmHg

cumDBP, per 104.4 mmHg x year

181 (1.52-2.16)
1.58 (1.33-1.88)
192 (1.61-2.28)
1,52 (130-1.77)
140 (1.19-1.64)
145 (126-1.68)
201 (1.68-2.41)

1.81 (1.52-2.15)
1.65 (1.38-1.97)
1.85 (1.56-2.19)
1.36 (1.16-1.58)
121 (1.04-1.42)
131 (1.12-1.54)
1.97 (1.65-2.36)

Model 2 P-value®
1.25 (0.87-1.79) 0.226
0.96 (0.74-1.25) 0.774
1.65 (1.15-2.38) 0.007
1.23 (1.03-1.48) 0.026
1.20 (1.01-1.43) 0.039
1.20 (1.01-1.42) 0.040
1.62 (1.25-2.10) <0.001
1.26 (0.89-1.79) 0.188
1.04 (0.79-1.35) 0.791
1.54 (1.08-2.19) 0.018
1.14 (0.96-1.36) 0.133
1.11 (0.94-1.32) 0.213
1.11 (0.93-1.33) 0.240
1.59 (1.23-2.07) <0.001

The HRs and 95% Cls are presented in the table, with the Cox model stratified by age (5-year intervals), sex, and study areas (10 groups). Model 1 was adjusted for age, education,
occupation, marital status, household income, smoking, alcohol drinking, intake frequency of fresh fruits, vegetables, and red meat, total physical activity level, BMI, waist
circumference, family history of CVD, and prevalence of diabetes, all from the 2013—14 resurvey. Model 2 was further adjusted for single-point SBP and DBP at 2013—14 resurvey.

ARV, average real variability; cumDBP, cumulative diastolic blood pressure; cumSBP, cumulative systolic blood pressure; CV, coefficient of variation; MAX, maximum; MIN, minimum; SD,

standard deviation.

*This column displays the P-values of Model 2. The cut-off a-value for Bonferroni correction = 0.05/14 = 0.004.

included in the model.>* Using the widely used NRI and IDI,*” we found
that adding cumBP could significantly improve the reclassification ability
of the overall participant model. The cumBP, in particular, provided a sig-
nificant incremental benefit in men, rural residents, and participants with-
out diabetes. The efforts to discover new useful biomarkers that could
improve risk prediction are generally aimed at the entire population.
Perhaps we can direct our efforts towards specific subpopulations.

Using a unified statistical strategy, all BPV measures, except cumBP,
had no statistically significant associations with incident ICH after
Bonferroni correction. Furthermore, these measures added little to
the predictive performance of the conventional 5-year ICH risk predic-
tion model. Certain measures, such as Mean + SD + MIN + MAX, de-
monstrated statistically significant increases in ¢cNRI or rIDI in
individual subgroups but lacked consistency and robustness overall. A
Kailuan study of over 50000 Chinese adults, aged 53 on average at
baseline, examined the associations between visit-to-visit BPV and sub-
sequent 3-year risk of stroke, as well as its subtypes (ischaemic and
haemorrhagic stroke). The SD, CV, and ARV were calculated using re-
peatedly measured BPs over three biennial visits. After controlling for
mean BP level and other potential confounders, each SD increase in
SBP measures was associated with a 26% increase in the risk of haem-
orrhagic stroke for SD (6.7 mmHg), a 34% increase for CV (4.7%),and a
20% increase for ARV (9.2 mmHg), respectively. The corresponding in-
creased risk of haemorrhagic stroke associated with DBP measures was
28% for SD (4.1 mmHg) and 30% for CV (4.7%), with no association
observed for ARV."™ Similar associations of ICH with SD, CV, and
ARV of SBP were observed in our study before Bonferroni correction,
whereas no statistical associations were found for the corresponding
DBP measures. Aside from differences in geographic and socio-
demographic characteristics, the baseline prevalence of hypertension
in the Kailuan study was 44%, which was significantly higher than the
31% in our population. In hypertensive individuals, a larger long-term
variation in DBP may have a greater impact on stroke.

To the best of our knowledge, this is the first prospective study that
used the same population data and a unified statistical strategy to com-
pare the independent relationships between multiple long-term BPV
measures and incident ICH, as well as to assess the potential utility of
these measures in the ICH risk prediction model beyond single-point
BP measurement. We used data from three regular surveys, as well
as a subsequent 5-year outcome surveillance period, for a total of near-
ly 15 years of observation. This study included participants from 10 geo-
graphically diverse urban and rural areas in China, representing various
socio-demographic characteristics. We could distinguish two haemor-
rhagic stroke subtypes: ICH and SAH. Due to a small number of cases,
the analysis of SAH was not included. Furthermore, comprehensive in-
formation collection from the questionnaire and anthropometric mea-
surements aided in the control of potential confounders.

Several limitations of our study merit consideration. First, BP fluctua-
tions over a shorter period (weeks, months, 1 or 2 years) were not cap-
tured. Furthermore, there were only three time points in this study,
preventing us from conducting a more in-depth investigation into
how long the BP variation was sufficient to predict the subsequent
ICH risk. Second, our study population was restricted to those who
completed three surveys and had no history of CVD from baseline
to the 2013-14 resurvey, which may limit generalizability to those
who developed CVD or died prematurely. Nonetheless, these ex-
cluded participants may be at a higher risk of CVD and would most like-
ly be recognized by the conventional model based on single-point BP
measurement. VWe emphasized the additional value of long-term BPV
rather than substituting for single-point absolute BP level in the conven-
tional model. Third, there may be residual confounding because we did
not collect data on personal habits, such as high-salt diets, staying up
late, and overworking. Finally, the BP measurements in this study fol-
lowed guidelines at the time of the surveys.39‘4o However, when com-
pared with the updated guideline requirements in recent years, which
require taking three measurements with a 1 min interval between
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Participants  Cases
All 12,398 121
Basic model
Basic model+CV
Basic model+ARV
Basic model+Mean+SD+MIN+MAX
Basic model+cumBP
Age
=65y 3109 635
Basic model
Basic model+CV
Basic model+ARV
Basic model+Mean+SD+MIN+MAX
Basic model+cumBP
<65y 9289 56
Basic model
Basic model+CV
Basic model+ARV
Basic model+Mean+SD+MIN+MAX
Basic model+cumBP
Sex
Men 4696 61
Basic model
Basic model+CV
Basic model+ARV
Basic model+Mean+SD+MIN+MAX
Basic model+cumBP
Women 7702 60
Basic model
Basic model+CV
Basic model+ARV
Basic model+Mean+SD+MIN+MAX
Basic model+cumBP
Area of residence
Rural 8046 93
Basic model
Basic model+CV
Basic model+ARV
Basic model+Mean+SD+MIN+MA X
Basic model+cumBP
Urban 4352 28
Basic model
Basic model+CV
Basic model+ARV
Basic model+Mean+SD+MIN+MA X
Basic model4+cumBP
Without diabetes
Basic model
Basic model+CV
Basic model+ARV
Basic model+Mean+SD+MIN+MAX
Basic model+cumBP

11,189 102

Harrell's C (95% CI)

0.820 (0.778, 0.861)
0.820(0.778, 0.862)
0.821 (0.779, 0.862)
0.823 (0.781, 0.864)
0.829 (0.790, 0.867)

0.798 (0.751, 0.846)
0.802 (0.755, 0.849)
0.800 (0.753. 0.847)
0.801 (0.752. 0.850)
0.800 (0.750, 0.850)

0.825 (0.768, 0.881)
0.824 (0.768, 0.880)
0.826 (0.771, 0.881)
0.838 (0.781, 0.895)
0.840 (0.786, 0.893)

0.795 (0.736, 0.854)
0.803 (0.739, 0.866)
0.805 (0.741, 0.869)
0.811 (0.750, 0.873)
0.812 (0.758, 0.866)

0.829(0.772, 0.886)
0.829(0.772, 0.886)
0.828 (0.771. 0.886)
0.827 (0.771, 0.883)
0.835 (0.780, 0.890)

0.835 (0.789, 0.882)
0.836 (0.790. 0.882)
0.836 (0.789, 0.882)
0.839 (0.794, 0.884)
0.847 (0.803. 0.892)

0.823 (0.751, 0.896)
0.825 (0.748, 0.902)
0.825 (0.750, 0.899)
0.838 (0.761, 0.916)
0.827 (0.755, 0.899)

0.809 (0.760, 0.859)
0.809 (0.759, 0.859)
0.808 (0.758, 0.858)
0.816 (0.767, 0.865)
0.826 (0.778, 0.873)

++'rv

¥

A Harrell's C (95% CI)

Reference
0.001 (-0.003, 0.005)
0.001 (-0.003, 0.005)
0.003 (-0.004, 0.010)
0.009 (-0.001, 0.019)

Reference
0.004 (-0.004, 0.011)
0.001 (-0.002, 0.005)
0.002 (-0.006, 0.010)
0.002 ¢-0.012, 0.015)

Reference
-0.001 (-0.005, 0.004)
0.001 (-0.004, 0.006)
0.013 (-0.003, 0.029)
0.015 (-0.003, 0.033)

Reference
0.007 (-0.003, 0.018)
0.009 (-0.002, 0.021)
0.016 (0.004, 0.027)
0.017 (-0.003, 0.037)

Reference
-0.000 (-0.001, 0.001)
-0.001 (-0.004, 0.003)
-0.002 (-0.010, 0.006)
0.006 (-0.005, 0.017)

Reference
0.001 (-0.003, 0.005)
0.000 (-0.003, 0.004)
0.004 (-0.007, 0.014)
0.012 (-0.002, 0.026)

Reference
0.002 (-0.020, 0.024)
0.001 (-0.015,0.017)

——
—_—

0.015 (-0.012, 0.042)
0.004 (-0.004,0.011)

Reference
-0.000 (-0.002, 0.001)
-0.001 (-0.003, 0.001)
0.007 (-0.001, 0.015)

0.017 (0.002, 0.031)

-0.025 0.000 0.025

& Harrell's C

0.050

Figure 2 Harrell's C change for 5-year intracerebral haemorrhage risk prediction models by including both systolic blood pressure and diastolic
blood pressure measures in all participants and by age, sex, area of residence, or prevalence of diabetes. Basic Cox models included age, systolic blood
pressure, diastolic blood pressure, anti-hypertensive treatment, current daily smoking, prevalence of diabetes, and waist circumference at 2013-14
resurvey, and interactions between age and the other six predictors. For the analysis in participants without diabetes, the prevalence of diabetes
was removed from the basic model. All models were stratified by sex and 10 study areas, except for the analysis by sex, in which the model was stratified
only by 10 study areas. ARV, average real variability; Cl, confidence interval; cumBP, cumulative blood pressure; CV, coefficient of variation; MAX, max-

imum; MIN, minimum; SD, standard deviation.
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Table 3 Added predictive ability of both systolic and Table 3 Continued
diastolic blood pressure measures for 5-year
intracerebral haemorrhage risk in all participants and by

age, sex, area of residence, or prevalence of diabetes

cNRI (95% Cl)  rIDI (%) (95% CI)

Basic model + Mean +

cNRI (95% CI)

rIDI (%) (95% CI)

Basic model + CV
Basic model + ARV
Basic model + Mean +
SD + MIN + MAX
Basic model + cumBP
Age
>65 years
Basic model + CV
Basic model + ARV
Basic model + Mean +
SD + MIN + MAX
Basic model + cumBP
<65 years
Basic model + CV
Basic model + ARV
Basic model + Mean +
SD + MIN + MAX
Basic model + cumBP
Sex
Men
Basic model + CV
Basic model + ARV
Basic model + Mean +
SD + MIN + MAX
Basic model + cumBP
Women
Basic model + CV
Basic model + ARV
Basic model + Mean +
SD + MIN + MAX
Basic model + cumBP
Area of residence
Rural
Basic model + CV
Basic model + ARV
Basic model + Mean +
SD + MIN + MAX
Basic model + cumBP
Urban
Basic model + CV
Basic model + ARV
Basic model + Mean +
SD + MIN + MAX
Basic model + cumBP
Without diabetes
Basic model + CV
Basic model + ARV

~0.016 (~0.216, 0.185)
0.026 (—0.164, 0.216)
0.140 (~0.066, 0.347)

0267 (0.070-0.464)
0.103 (—0.141, 0.347)
0018 (—0.225, 0.261)
0.160 (—0.083, 0.403)
0171 (=0.109, 0.450)
0.045 (—0.250, 0.339)
0088 (~0.187, 0.362)
0202 (~0.074, 0.478)
0225 (—0.048, 0.498)
0.126 (~0.181, 0.432)
0281 (0.001-0.562)
0.294 (0.038-0.551)
0325 (0.067-0.583)

—0.064 (~0.337, 0.208)
0151 (=0.139, 0.441)

—0.008 (~0.240, 0.225)
0.147 (~0.098, 0.392)

~0.005 (~0.225, 0.215)
0076 (~0.118, 0.271)
0.087 (—0.123, 0.297)
0271 (0.037-0.504)
0372 (~0.037,0.781)
0272 (~0.131, 0.675)
0621 (0.241-1.001)

0.257 (-0.119, 0.633)

~0.069 (~0.250, 0.113)
0.027 (=0.175, 0.230)

52 (—1.1,11.5)
20 (-3.0, 6.9)
118 (-27,263)

182 (5.8-30.7)
6.6 (=23, 15.5)
14 (-32,59)
9.0 (-1.3,193)

15.6 (4.8-26.5)
34 (-338,105)
47 (—42,13.6)

156 (3.3, 34.6)

157 (7.0, 38.4)
22 (-17.8,222)

—0.0 (-19.0, 18.9)
1.3 (=203, 23.0)

19.2 (0.4-38.0)
06 (=03, 1.5)

—0.1 (26, 2.4)

200 (4.0-36.1)

18.8 (2.7-34.8)
42 (=2.1,105)
39 (-2.1,98)

20.1 (4.5-357)

202 (2.9-37.4)

209 (-16.9, 58.8)

112 (-27.8, 50.1)

332 (~320, 985)

2.8 (=107, 16.2)

0.5 (-23,32)
08 (=15,3.1)

Continued

0.174 (-0.028,0.376)  10.7 (=6.2, 27.5)
SD + MIN + MAX
Basic model + cumBP

0372 (0.157-0587)  26.2 (3.5-48.9)

Basic Cox models included age, SBP, DBP, anti-hypertensive treatment, current daily
smoking, prevalence of diabetes, and waist circumference at 2013-14 resurvey, and
interactions between age and the other six predictors. For the analysis in participants
without diabetes, the prevalence of diabetes was removed from the basic model. All
models were stratified by sex and 10 study areas, except for the analysis by sex in
which the model was only stratified by 10 study areas.

ARV, average real variability; Cl, confidence interval; cNRI, continuous net
reclassification improvement; cumBP, cumulative blood pressure; CV, coefficient of
variation; MAX, maximum; MIN, minimum; rIDI, relative integrated discrimination
improvement; SD, standard deviation.

each and averaging the last two measurements, our accuracy may be
compromised to some extent.

This prospective cohort study of Chinese adults found that the
nearly 10-year cumBP was positively associated with an increased sub-
sequent 5-year risk of ICH and could significantly improve risk reclassi-
fication for the ICH risk prediction model that included single-point BP
measurement. The ICH continues to impose a heavy burden on China.
Blood pressure is now a routine measurement for regular health check-
ups, establishment and management of resident health records in the
Basic Public Health Services project, and hospital visits. The advance-
ment of electronic medical records makes it easier to obtain long-term
repeated BP measurement data. To better identify potential high-risk
groups for ICH for early intervention, it is necessary to consider BP
measured multiple times in the past and use appropriate indicators,
such as cumBP, in risk prediction.

Supplementary material

Supplementary material is available at European Journal of Preventive
Cardiology.
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