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A B S T R A C T

Background: Although many cardiovascular risk factors for stroke have been reported before, it has not been
investigated comprehensively for all major stroke types in large datasets. This study aimed to evaluate the
associations of healthy behaviors, biological phenotypes and cardiovascular health (CVH) with long-term
risks of strokes events, overall and stroke subtypes (ischemic stroke [IS], intracerebral hemorrhage [ICH],
subarachnoid hemorrhage [SAH], and unspecified stroke).
Methods: Between 2006 and 2010, a total of 354,976 participants (age 40�70 years) in the UK Biobank free of
stroke and coronary heart disease were examined and thereafter followed up to 2020. According to American
Heart Association guideline, the global CVH included four behavioral (smoking, diet, physical activity, body
mass index) and three biological (blood glucose, blood cholesterol, blood pressure) metrics. The behavioral,
biological and global CVH score was the sum of four, three, and seven metrics, respectively, and then was cat-
egorized into poor, intermediate and ideal group. Cox proportional hazard models were used to estimate the
hazard ratios (HRs) and 95% confidence intervals (CIs) of stroke events.
Findings: A total of 5804 incident stroke cases, including 3664 IS, 714 ICH and 453 SAH, were documented
over a median follow-up of 11 years. The risk of stroke decreased significantly and linearly with both increas-
ing behavioral CVH score and biological CVH score. Ideal behavioral CVH group was significantly associated
with lower risks of all stroke subtypes, biological CVH was related to stroke events except for SAH. Addition-
ally, the 1-point increment in global CVH score was associated with 11%,13%, 8% and 13% lower risks of
stroke, IS, ICH and unspecified stroke, however, there was no significant dose-dependent association
between global CVH and SAH.
Interpretation: Our findings suggest inverse linear associations of behavioral, biological and global CVH with
long-term risks of stroke and stroke subtypes, except for SAH, highlighting the benefits of maintaining better
CVH status as a primordial prevention strategy of stroke.
Funding: The National Natural Science Foundation of China (71,910,107,004, 91,746,205).
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Stroke presents major global public health problems accounting
for the leading causes of death, disability, and disability-adjusted life
years [1,2]. Due to its high mortality and recurrence rate, the early
detection of risk factors and prevention of recurrent stroke become
an urgent issue. Primordial prevention that reemphasized by the
American Heart Association (AHA) is considered the most effec-
tive strategy to minimize the cardiovascular diseases-related
health burden among the general population [3]. To this end, the
AHA had developed a 7-item cardiovascular health (CVH) tool
including 4 health behaviors (physical activity, smoking status,
healthy weight and diet pattern at optimal levels) and 3 biologi-
cal measures (blood pressure, blood glucose, and blood choles-
terol at optimal levels) to promote optimal CVH. Recognition of
CVH risk factors associated with stroke is essential for decreasing
incidence of stroke events [4�6].
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Research in context

Evidence before this study

Previous studies searching for PubMed showed that better CVH
was associated with lower risks of stroke, however, there were
also some studies found no significant association between
global CVH score and stroke. Moreover, data are sparse regard-
ing the influence of behavioral and biological CVH status on the
risks of stroke subtypes, including ischemic stroke, intracere-
bral hemorrhage and subarachnoid hemorrhage.

Added value of this study

To the best of our knowledge, this is one of the largest single
cohort studies of its kind to date that quantifies the comprehen-
sive associations of healthy behaviors, biological phenotypes
and CVH with long-term risks of strokes events. We provide
evidence that adherence to AHA 7-item CVH recommendations,
including healthy behaviors and biological phenotypes might
be associated with substantially lower risks of stroke events in
general population.

Implications of all the available evidence

Prevention is an important element in tackling the challenge
posed by a growing number of stroke cases. Our study highlights
the benefits of maintaining better CVH across the life course.
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Much of the current evidence are on individual CVH risk factors
considered one at a time, although the importance of their clustering
is increasingly recognized. There is cumulative evidence suggesting
that better CVH was associated with lower risks of diabetes, cardio-
vascular disease and mortality [7�10]. However, results of the associ-
ation between global CVH score and stroke were inconsistent in
several previous studies [7,11,12]. For example, a meta-analysis
including 193,126 individuals indicated that ideal CVH status can
result in substantial reduction in the risk of stroke [11], whereas a
recent study found no significant association between global CVH
score and stroke [7]. Moreover, data are sparse regarding the influ-
ence of behavioral and biological CVH status on the risks of stroke
subtypes, such as ischemic stroke (IS), intracerebral hemorrhage
(ICH) and subarachnoid hemorrhage (SAH), which have different eti-
ologies and risk factors.

Therefore, using data from large-scale UK Biobank cohort over a
more than 10 years follow-up, our objective was mainly to prospec-
tively examine comprehensive associations of behavioral, biological
and global CVH with risks of stroke and stroke subtypes in UK general
population.

Methods

Study design and population

This was a prospective, population-based cohort study of partici-
pants enrolled in the UK Biobank. Between April 2006 and December
2010, the UK Biobank recruited 502,528 adults (40�70 years old)
from the general population. Participants attended one of 22 assess-
ment centers across England, Scotland, and Wales, where they com-
pleted touchscreen and nurse-led questionnaires, had physical
measurements taken, and provided biological samples [13]. In the
current study, behavioral and biological CVH was used as exposures
and stroke events as outcomes. The present study sample was
restricted to the 403,243 participants who had complete data on
either biological samples or self-reported physical activity. Partici-
pants were excluded if they had history of cardiovascular events
(stroke and coronary heart disease) before recruitment, leaving
354,976 participants included in final study (Supplemental Fig. S1).
Behavioral, biological and global CVH

The global CVH score included four behavioral (smoking, diet,
physical activity, body mass index) and three biological (blood
glucose, blood cholesterol, blood pressure) metrics. Each level of
these 7 metrics was categorized as poor (scored as 0), intermedi-
ate (scored as 1), and ideal (scored as 2) according to the AHA
criteria (Supplemental Table S1). The CVH metrics adopted in this
study conformed with the CVH metrics developed by the AHA
guideline and consisted of seven health behavioral and biological
factors, including smoking status, physical activity, diet pattern,
BMI, serum cholesterol, blood pressure and blood glucose. Smok-
ing status (current, past, never), physical activity (hours of mod-
erate and vigorous physical activity per week), and diet (the
amount of fish, fruit and vegetable consumption) were assessed
using questionnaires. A trained nurse used standard protocols to
collect data on BMI (weight/height2 in kg/m2), glucose concentra-
tion, blood cholesterol concentration, and blood pressure. Systolic
and diastolic blood pressure was taken as the mean of two meas-
urements. Blood samples in storage at the UK Biobank (both
�80 °C and LN2) are grouped on storage racks by sample type
and by participant in line with the sample processing and storage
protocols in place at the time of sample collection. Specially,
given that previous studies and data available in current study,
we tiny adjusted corresponding components, for example, fiber-
rich whole grains, sodium and sugar-sweetened beverages could
not be evaluated accurately across the whole population at
recruitment in the UK Biobank, so the diet metric was defined on
intakes of fruit and vegetables, and fish [14], which were avail-
able in the whole cohort and which have shown robust associa-
tions with stroke in previous studies [15,16]. We combined
fasting plasma glucose with HbA1c to determine the level of
blood glucose.

As described previously [14,17�19], we used the sum of each
metric to calculate the composite CVH score, ranging from 0 to 8 for
behavioral CVH, 0 to 6 for biological CVH, and 0 to 14 for global CVH,
with higher scores corresponding to better CVH. We categorized
global CVH score as poor for scores ranging from 0 to 7 (correspond-
ing to less than one standard deviation (SD) from the mean), interme-
diate for scores ranging from 8 to 11 (+/�1 SD from the mean), and
ideal for scores between 12 and 14 (>1 SD from the mean). Accord-
ingly, the behavioral CVH score was categorized as poor (0 to 3),
intermediate (4 to 6) and ideal (7 to 8) group, biological CVH score as
0 to 2, 3 to 4, and 5 to 6.
Outcome ascertainment

The primary outcomes for this study were the incidence of fatal
and nonfatal stroke as well as stroke subtypes, including IS, ICH, SAH
or unspecified stroke. All residents in England, Scotland, and Wales
have a unique National Health Service (NHS) identification number,
which we used to link all participants to electronic health records.
Stroke events were ascertained using ICD-10 (international classifica-
tion of disease, 10th revision) codes I60-I64 from hospital inpatient
records containing data on admissions and diagnoses obtained from
the Hospital Episode Statistics for England, Scottish Morbidity Record
data for Scotland, and the Patient Episode Database for Wales. The
cause of death of the UK Biobank participants was obtained by link-
age to the national death registers. The latest record linkage was
available until 31 March 2020.
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Covariates

Covariates of our analysis included exact age, sex, ethnicity
(White, Black, South Asian, Mixed background), socioeconomic status
(Townsend Deprivation Index, quintiles), employment status
(worked, unemployed, retired, others), education attainment (college
or university degree, professional qualifications, others), family his-
tory of stroke (yes, no), consumption of alcohol intaking (continuous,
g), and C-reactive protein (continuous, mg/dL). Further details for
each variable are available on the UK Biobank Website (https://www.
ukbiobank.ac.uk/).

Statistical analysis

We summarized baseline characteristics by global CVH category
using descriptive statistics, reporting the mean and standard devia-
tion (SD) of normal distribution or median and interquartile ranges
of non-normal distribution for continuous variables, and proportions
for categorical variables. We compared the baseline characteristics
by global CVH category using Chi-square test for categorical or One-
Way ANOVA or Mann-Whitney U for continuous variables.

Person-year was calculated from the date of recruitment to date of
stroke diagnosis, death or the end of follow-up on March 31, 2020,
whichever event occurred first. Incidence rate and absolute rate dif-
ference per 1000 person-year of CVH category were calculated. Cox
proportional hazards models with age as timescale were used to esti-
mate the hazard ratio (HR) and 95% confidence interval (CI) of stroke
and stroke subtypes for behavioral, biological and global CVH. We
grouped study participants into 3 categories of global CVH score and
compared the HRs with the lowest category as the referent. Behav-
ioral, biological and global CVH score as a linear variable were used
to examine the risk reduction associated with a 1-point increment.
Additionally, we created a variable with 9 categories, which com-
bines behavioral CVH (poor, intermediate, ideal) with biological CVH
(poor, intermediate, ideal) to investigate their joint effect on risk of
stroke, and interaction effect between behavioral and biological CVH
was tested by included an interaction terms in Cox model. We then
examined the shape of the associations of the continuous global CVH
score with risk of stroke by using restricted cubic spline regressions
with score 0 as the reference (HR = 1). The proportional hazard
assumption was checked by tests based on Schoenfeld residuals, and
the results indicated that the assumptions had not been violated
(Supplemental Fig. S2).

In the sensitivity analysis, we applied a series of analyses to test
the robustness of our findings. First, the global CVH level was also
ascertained through the number of CVH metrics at recommended
optimal level, ranging from 0 to 7. Second, stratified analyses were
further conducted to examine possible effect modification of sex and
age on the associations of behavioral, biological and global CVH score
with stroke and stroke subtypes. Third, the possible influence of
worse health condition on CVH-stroke associations was evaluated by
excluding the participants with cancer or long-illness. Fourth, to min-
imize the potential contribution of reverse causality to these findings,
we did a landmark analysis excluding stroke events occurring within
the two years after recruitment. Fifth, the competing risk of non-
stroke death on the association between behavioral, biological and
global CVH and stroke events was investigated using the subdistribu-
tion method proposed by Fine and grey [20]. Finally, missing covari-
ates were imputed with multiple imputation procedure using the
chained equations method, five imputed datasets were generated
and results were combined using Rubin’s rules.

All analyses were performed using STATA 15 statistical software
(StataCorp) and R i386 3.4.3 (R Foundation for Statistical Computing).
To maximize the likelihood of reporting true findings, we set the a at
0 ¢05 and used Bonferroni correction to adjust for multiple testing.
We considered two sided P values less than 0.05 (P value of less than
0.05 divided by the number of tests, i.e. 0.05/5) statistically
significant.

Ethics

All participants provided written informed consent to investiga-
tors of UK Biobank team and the study was approved by the NHS
National Research Ethics Service (Ref: 11/NW/0382). This research
has been conducted using the UK Biobank Resource under the project
number of 45,676.

Role of the funding source

The sponsor had no role in study design, data collection, data anal-
ysis, data interpretation, or writing of the report. The corresponding
author had full access to all the data in the study and had final
responsibility for the decision to submit for publication.

Results

We included 354,976 participants (54.7% female) who took part in
the 2006�2010 examination, during a median follow-up of 11 years,
a total of 5804 (1.64%) participants had incident stroke, of which
3664 (1.03%) IS, 714 (0.20%) ICH, 453 (0.13%) SAH, 426 (0.12%)
unspecified stroke. Table 1 shows the baseline characteristics of the
study population by global CVH score. The characteristics of excluded
participants were generally similar to those included (Supplemental
Table S2).

The distribution of each behavioral and biological CVH metric is
shown in Fig. 1. For each CVHmetric, we found that the risks of stroke
and IS were significantly decreased for all ideal CVH groups including
smoking status, physical activity, diet pattern, BMI, HDL-cholesterol,
blood glucose and blood pressure (Table 2).

The distributions of behavioral and biological CVH score are pre-
sented in Supplemental Figure S3. Analysis by global CVH subscales
showed that the risk of stroke decreased significantly and linearly
with both increasing behavioral CVH score (HR = 0 ¢90, 95% CI:
0.88�0.91 per 1-point increment) and biological CVH score
(HR = 0 ¢82, 95% CI: 0.80�0.84 per 1-point increment) (Table 3). Ideal
behavioral CVH was significantly associated with lower risks of all
stroke subtypes. Biological CVH was related to stroke events except
for SAH (HR = 1 ¢24, 95% CI: 0.88�1.76). Joint effect of behavioral and
biological CVH on the risk of stroke was also examined, participants
with poor biological and behavioral CVH had 2.78-fold higher risk of
stroke compared with those with ideal biological and behavioral CVH
(HR = 2.78, 95% CI: 2.36�3.28) (Fig. 2), and there was no interaction
between biological and behavioral CVH on risk of stroke (P for
interaction = 0.95).

Restricted cubic splines showed the association between global
CVH score and stroke to be linear (P for linearity < 0.001) (Supple-
mental Figure S4). The Kaplan-Meier curves indicated a graded
decreased risk of stroke associated with higher global CVH score. The
incidence rates of stroke and stroke subtypes decreased with increas-
ing global CVH score category (Table 4). Compared with the incident
rate of stroke of 2.37 (95% CI 2.27�2.48) per 100 person-years among
those with poor global CVH, the absolute rate differences per 100
person-years were �0.97 (�0.85 to �1.09) for intermediate global
CVH and �1.64 (�1.51 to �1.77) for ideal global CVH. Similar pat-
terns were also observed in stroke subtypes. In multivariable analy-
sis, the risks of stroke and stroke subtypes decreased significantly
across CVH category (all P for trend < 0.001) (Table 4). The HRs of
stroke, IS, ICH and unspecified stroke for ideal CVH were 0.48 (95% CI
0.43�0.53), 0 ¢42 (95% CI 0.36�0.48), 0.50 (95% CI 0.37�0.69) and
0 ¢48 (95% CI 0.32�0.72) compared with poor CVH, respectively.
Whereas, ideal CVH was not significantly associated with the risk of
SAH (HR = 0.73, 95% CI: 0.52�1.02). The 1-point CVH score increment
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Table 1
Participants’ characteristics according to global cardiovascular health (CVH) Score. Values are numbers (percentages) unless stated otherwise.

Characteristic Total Global CVH score P value

Poor (0�7) Intermediate (8�11) Optimal (12�14)

Total 354,976 75,172 (21 ¢2) 228,453 (64 ¢ 3) 51,351 (14 ¢ 5)
Sex <0 ¢ 001
Male 160,938 (45 ¢ 3) 45,535 (60 ¢4) 103,971 (45 ¢ 5) 11,532 (22 ¢ 5)
Female 194,038 (54 ¢ 7) 29,737 (39 ¢6) 124,482 (54 ¢ 5) 39,819 (77 ¢ 5)

Age (years), mean (SD) 56 ¢2 (8 ¢1) 56 ¢9 (7 ¢91) 56 ¢4 (8 ¢10) 54 ¢7 (8 ¢08) <0 ¢ 001
Ethnicity <0 ¢ 001
White 337,447 (95 ¢ 1) 70,765 (94 ¢1) 217,222 (95 ¢ 1) 49,460 (9 ¢3)
Black 5376 (1 ¢5) 1423 (1 ¢9) 3502 (1 ¢5) 451 (0 ¢9)
South Asian 7041 (2 ¢0) 1798 (2 ¢4) 4475 (2 ¢0) 768 (1 ¢5)
Mixed background 5112 (1 ¢4) 1186 (1 ¢6) 3254 (1 ¢4) 672 (1 ¢3)

Townsend deprivation index <0 ¢ 001
1 (Least deprived) 73,609 (20 ¢ 7) 12,471 (16 ¢6) 48,979 (21 ¢ 4) 12,159 (23 ¢ 7)
2 73,193 (20 ¢ 6) 13,487 (17 ¢9) 48,318 (21 ¢ 2) 11,388 (22 ¢ 2)
3 71,663 (20 ¢ 2) 14,400 (19 ¢2) 46,717 (20 ¢ 5) 10,546 (20 ¢ 5)
4 71,184 (20 ¢ 0) 16,017 (21 ¢3) 45,193 (19 ¢ 8) 9974 (19 ¢ 4)
5 (Most deprived) 65,327 (18 ¢ 4) 18,797 (25 ¢0) 39,246 (17 ¢ 2) 7284 (14 ¢ 2)

Education attainment <0 ¢ 001
College or university degree 121,319 (34 ¢ 2) 17,177 (24 ¢2) 79,709 (34 ¢ 9) 23,433 (45 ¢ 6)
Professional qualifications 180,314 (50 ¢ 8) 40,030 (53 ¢3) 116,318 (50 ¢ 9) 23,966 (46 ¢ 7)
Others 53,343 (15 ¢ 0) 16,965 (22 ¢6) 32,426 (14 ¢ 2) 3952 (7 ¢7)

Employment <0 ¢ 001
Worked 210,953 (59 ¢ 4) 42,096 (56 ¢0) 136,207 (59 ¢ 6) 32,650 (63 ¢ 6)
Retired 114,028 (32 ¢ 1) 24,340 (32 ¢4) 75,244 (32 ¢ 9) 14,444 (28 ¢ 1)
Unemployed 24,779 (7 ¢0) 7724 (10 ¢3) 13,749 (6 ¢0) 3306 (6 ¢4)
Others 5216 (1 ¢5) 1012 (1 ¢4) 3253 (1 ¢4) 951 (1 ¢8)

Alcohol consumption (g/day), mean (SD) 14 ¢86 (18 ¢ 24) 16 ¢41 (22 ¢13) 14 ¢ 95 (17 ¢ 77) 12 ¢22 (12 ¢ 90) <0 ¢ 001
C-response protein (mg/dL), mean (SD) 2 ¢52 (4 ¢22) 3 ¢86 (5 ¢20) 2 ¢ 35 (4 ¢00) 1 ¢36 (2 ¢94) <0 ¢ 001
Family history of stroke 89,460 (25 ¢ 2) 19,103 (25 ¢4) 58,081 (25 ¢ 4) 12,276 (23 ¢ 9) <0 ¢ 001

Fig. 1. Distribution of AHA 7-item among participants in poor, intermediate and ideal CVH categories. Poor CVH metric status included current smokers, no moderate or vigor-
ous physical activity, <1 portion per day of fresh fruit, raw vegetables, cooked fruit/vegetables and <2 portions per week of fish, BMI � 30 kg/m2, HDL-C < 40 mg/dL, SBP �140 mm
Hg or DBP �90 mm Hg, FPG �126 mg/dL or HbA1c �6.5. Intermediate CVH metric status included quit smoking < 5 months, 1�149 min/week of moderate activity or 1�74 min/
week of vigorous activity or 1�149 min/ week of moderate and vigorous activity, �1 portion per day of fresh fruit, raw vegetables, cooked fruit/vegetables or �2 portions per week
of fish, BMI 25�29.9 kg/m2, HDL-C � 60 treated or 40�60 mg/dL, SBP <120 mm Hg and DBP <80 mm Hg treated or SBP 120�139 or DBP 80�89 mm Hg, FPG <100 mg/dL treated or
100�125 mg/dL or HbA1c <5.7 treated or 5.7�6.5. Ideal CVH metric status included never or quit smoking � 5 months, �150 min/week of moderate activity or �75 min/week of
vigorous activity or �150 min/week of moderate and vigorous activity, �1 portion per day of each of fresh fruit, raw vegetables, cooked fruit/vegetables and � 2 portions per week
of fish, BMI < 25 kg/m2, HDL-C � 60 mg/dL untreated, SBP <120 mm Hg and DBP <80 mm Hg untreated, FPG <100 mg/dL untreated or HbA1c <5.7 untreated.
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Table 2
Hazard ratios (HRs) of individual behavioral and biological cardiovascular health (CVH) metrics for stroke and stroke subtypes.

Individual cardiovascular
health metric

Stroke Ischemic stroke Intracerebral hemorrhage Subarachnoid morrhage Unspecified stroke

HR (95% CI)* HR (95% CI) y HR (95% CI)* HR (95% CI) y HR (95% CI)* HR (95% CI) y HR (95% CI)* R (95% CI) y HR (95% CI)* HR (95% CI) y

Behavioral CVH subscales
Smoking status
Poor 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) (Reference) 1 (Reference) 1 (Reference)
Intermediate 0 ¢ 68 (0 ¢63�0 ¢75) 0 ¢ 69 (0 ¢64�0 ¢75) 0 ¢63 (0 ¢56�0 ¢ 69) 0 ¢63 (0 ¢ 56�0 ¢ 69) 1 ¢ 07 (0 ¢82�1 ¢39) 1 ¢ 10 (0 ¢84�1 ¢44) 0 ¢35 (0 ¢ 27�0 ¢ 47) ¢38 (0 ¢ 29�0 ¢50) 0 ¢ 74 (0 ¢55�1 ¢00) 0 ¢71 (0 ¢53�0 ¢97)
Ideal 0 ¢ 57 (0 ¢53�0 ¢62) 0 ¢ 59 (0 ¢54�0 ¢64) 0 ¢56 (0 ¢50�0 ¢ 61) 0 ¢57 (0 ¢ 52�0 ¢ 63) 0 ¢ 84 (0 ¢64�1 ¢09) 0 ¢ 86 (0 ¢66�1 ¢13) 0 ¢34 (0 ¢ 27�0 ¢ 44) ¢36 (0 ¢ 28�0 ¢46) 0 ¢ 58 (0 ¢44�0 ¢78) 0 ¢58 (0 ¢43�0 ¢78)
P for trend <0 ¢001 <0 ¢ 001 <0 ¢001 <0 ¢001 0 ¢ 015 0 ¢ 022 <0 ¢001 0 ¢001 <0 ¢ 001 <0 ¢ 001

Body mass index
Poor 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) (Reference) 1 (Reference) 1 (Reference)
Intermediate 0 ¢ 85 (0 ¢80�0 ¢91) 0 ¢ 93 (0 ¢87�0 ¢99) 0 ¢81 (0 ¢75�0 ¢ 87) 0 ¢89 (0 ¢ 82�0 ¢ 96) 0 ¢ 98 (0 ¢81�1 ¢19) 1 ¢ 08 (0 ¢89�1 ¢31) 1 ¢26 (0 ¢ 97�1 ¢ 64) ¢19 (0 ¢ 92�1 ¢55) 0 ¢ 77 (0 ¢61�0 ¢96) 0 ¢87 (0 ¢69�1 ¢10)
Ideal 0 ¢ 82 (0 ¢77�0 ¢88) 0 ¢ 97 (0 ¢90�1 ¢05) 0 ¢72 (0 ¢66�0 ¢ 79) 0 ¢86 (0 ¢ 78�0 ¢ 94) 1 ¢ 00 (0 ¢82�1 ¢24) 1 ¢ 21 (0 ¢97�1 ¢51) 1 ¢58 (1 ¢ 21�2 ¢ 06) ¢45 (1 ¢ 10�1 ¢92) 0 ¢ 69 (0 ¢53�0 ¢89) 0 ¢84 (0 ¢63�1 ¢11)
P for trend <0 ¢001 0 ¢ 652 <0 ¢001 0 ¢007 0 ¢ 939 0 ¢ 147 0 ¢001 ¢002 0 ¢ 005 0 ¢277

Physical activity
Poor 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) (Reference) 1 (Reference) 1 (Reference)
Intermediate 0 ¢ 83 (0 ¢77�0 ¢90) 0 ¢ 87 (0 ¢81�0 ¢94) 0 ¢83 (0 ¢75�0 ¢ 91) 0 ¢88 (0 ¢ 79�0 ¢ 97) 0 ¢ 75 (0 ¢60�0 ¢95) 0 ¢ 78 (0 ¢62�0 ¢97) 1 ¢06 (0 ¢ 79�1 ¢ 42) ¢12 (0 ¢ 83�1 ¢50) 0 ¢ 85 (0 ¢64�1 ¢13) 0 ¢89 (0 ¢67�1 ¢18)
Ideal 0 ¢ 85 (0 ¢79�0 ¢91) 0 ¢ 92 (0 ¢86�0 ¢99) 0 ¢85 (0 ¢77�0 ¢ 92) 0 ¢94 (0 ¢ 86�1 ¢ 02) 0 ¢ 84 (0 ¢69�1 ¢02) 0 ¢ 87 (0 ¢71�1 ¢07) 1 ¢10 (0 ¢ 84�1 ¢ 43) ¢15 (0 ¢ 88�1 ¢51) 0 ¢ 80 (0 ¢62�1 ¢04) 0 ¢87 (0 ¢67�1 ¢13)
P for trend <0 ¢001 0 ¢ 124 0 ¢002 0 ¢349 0 ¢ 287 0 ¢ 51 0 ¢506 ¢365 0 ¢ 111 0 ¢328

Diet pattern
Poor 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) (Reference) 1 (Reference) 1 (Reference)
Intermediate 0 ¢ 82 (0 ¢75�0 ¢90) 0 ¢ 86 (0 ¢79�0 ¢95) 0 ¢81 (0 ¢72�0 ¢ 91) 0 ¢86 (0 ¢ 76�0 ¢ 96) 0 ¢ 88 (0 ¢67�1 ¢17) 0 ¢ 91 (0 ¢68�1 ¢20) 0 ¢61 (0 ¢ 45�0 ¢ 84) ¢67 (0 ¢ 49�0 ¢92) 1 ¢ 15 (0 ¢79�1 ¢67) 1 ¢22 (0 ¢84�1 ¢78)
Ideal 0 ¢ 76 (0 ¢69�0 ¢84) 0 ¢ 81 (0 ¢74�0 ¢90) 0 ¢76 (0 ¢68�0 ¢ 86) 0 ¢82 (0 ¢ 73�0 ¢ 92) 0 ¢ 78 (0 ¢59�1 ¢03) 0 ¢ 80 (0 ¢60�1 ¢06) 0 ¢50 (0 ¢ 36�0 ¢ 68) ¢55 (0 ¢ 40�0 ¢76) 1 ¢ 07 (0 ¢74�1 ¢67) 1 ¢16 (0 ¢79�1 ¢69)
P for trend <0 ¢001 <0 ¢ 001 <0 ¢001 0 ¢001 0 ¢ 036 0 ¢ 059 <0 ¢001 0 ¢001 0 ¢ 88 0 ¢824

Biological CVH subscales
HDL cholesterol
Poor 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) (Reference) 1 (Reference) 1 (Reference)
Intermediate 0 ¢ 78 (0 ¢73�0 ¢84) 0 ¢ 75 (0 ¢78�0 ¢91) 0 ¢77 (0 ¢71�0 ¢ 85) 0 ¢86 (0 ¢ 78�0 ¢94) 0 ¢ 86 (0 ¢68�1 ¢08) 0 ¢ 87 (0 ¢69�1 ¢10) 0 ¢85 (0 ¢ 61�1 ¢ 18) ¢83 (0 ¢ 59�1 ¢15) 0 ¢ 65 (0 ¢50�0 ¢85) 0 ¢74 (0 ¢56�0 ¢96)
Ideal 0 ¢ 64 (0 ¢58�0 ¢70) 0 ¢ 73 (0 ¢66�0 ¢81) 0 ¢58 (0 ¢52�0 ¢ 65) 0 ¢71 (0 ¢ 63�0 ¢ 80) 0 ¢ 80 (0 ¢61�1 ¢04) 0 ¢ 81 (0 ¢60�1 ¢10) 0 ¢95 (0 ¢66�1 ¢ 37) ¢87 (0 ¢ 60�1 ¢27) 0 ¢ 57 (0 ¢41�0 ¢79) 0 ¢71 (0 ¢50�1 ¢00)
P for trend <0 ¢001 <0 ¢ 001 <0 ¢001 <0 ¢001 0 ¢ 117 0 ¢ 199 0 ¢722 ¢706 0 ¢ 002 0 ¢061

Blood pressure
Poor 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) (Reference) 1 (Reference) 1 (Reference)
Intermediate 0 ¢ 79 (0 ¢75�0 ¢83) 0 ¢ 79 (0 ¢74�0 ¢83) 0 ¢78 (0 ¢73�0 ¢ 83) 0 ¢78 (0 ¢ 73�0 ¢ 83) 0 ¢ 78 (0 ¢67�0 ¢91) 0 ¢ 78 (0 ¢67�0 ¢91) 1 ¢02 (0 ¢ 83�1 ¢ 26) ¢98 (0 ¢ 80�1 ¢20) 0 ¢ 69 (0 ¢56�0 ¢84) 0 ¢69 (0 ¢56�0 ¢84)
Ideal 0 ¢ 57 (0 ¢51�0 ¢65) 0 ¢ 58 (0 ¢52�0 ¢66) 0 ¢60 (0 ¢52�0 ¢ 70) 0 ¢64 (0 ¢ 55�0 ¢ 74) 0 ¢ 36 (0 ¢24�0 ¢54) 0 ¢ 35 (0 ¢24�0 ¢52) 0 ¢81 (0 ¢ 56�1 ¢ 17) ¢68 (0 ¢ 47�0 ¢99) 0 ¢ 56 (0 ¢37�0 ¢85) 0 ¢60 (0 ¢40�0 ¢91)
P for trend <0 ¢001 <0 ¢ 001 <0 ¢001 <0 ¢001 <0 ¢001 <0 ¢ 001 0 ¢492 ¢121 <0 ¢ 001 <0 ¢ 001

Blood glucose
Poor 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) (Reference) 1 (Reference) 1 (Reference)
Intermediate 0 ¢ 68 (0 ¢61�0 ¢75) 0 ¢ 71 (0 ¢64�0 ¢78) 0 ¢63 (0 ¢56�0 ¢ 70) 0 ¢66 (0 ¢ 59�0 ¢ 75) 0 ¢ 91 (0 ¢67�1 ¢24) 0 ¢94 (0 ¢69�1 ¢28) 2 ¢41 (1 ¢ 26�4 ¢ 60) ¢25 (1 ¢ 18�4 ¢32) 0 ¢ 51 (0 ¢36�0 ¢71) 0 ¢55 (0 ¢39�0 ¢78)
Ideal 0 ¢ 58 (0 ¢53�0 ¢64) 0 ¢ 65 (0 ¢59�0 ¢71) 0 ¢52 (0 ¢47�0 ¢ 58) 0 ¢59 (0 ¢ 53�0 ¢ 66) 0 ¢ 77 (0 ¢57�1 ¢04) 0 ¢ 82 (0 ¢60�1 ¢10) 2 ¢56 (1 ¢ 36�4 ¢ 82) ¢46 (1 ¢ 30�4 ¢65) 0 ¢ 46 (0 ¢34�0 ¢62) 0 ¢53 (0 ¢39�0 ¢73)
P for trend <0 ¢001 <0 ¢ 001 <0 ¢001 <0 ¢001 0 ¢ 017 0 ¢ 051 0 ¢016 ¢024 <0 ¢ 001 0 ¢003

* HRs were adjusted for age (timescale), sex, ethnicity, education attainment, employment status, Townsend deprivation index, consumption of alcohol intaking, C-response p tein, family history of stroke at baseline, using the poor level
as the reference exposure category.

y HRs were further adjusted for the other CVH metrics.
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was associated with 11%, 13%, 8% and 13% lower risks of stroke, IS,
ICH and unspecified stroke.

The robustness of the associations between CVH and stroke events
was examined by several sensitivity analyses. Ideal global CVH metric
at optimal level (5 to 7 ideal metrics) were significantly associated
with lower risks of stroke, IS, ICH and unspecified stroke compared
with poor (0 to 2 ideal metrics) CVH (P for trend <0.0001). In line
with the main analysis, this association was not found for SAH out-
come (Supplemental Table S3). Further, we explored the associations
of CVH score with stroke events by sex and age subgroups, and the
results were similar (Supplemental Table S4 and Table S5). No signifi-
cant interactions between CVH score and either sex or age on stroke
risk were found. We repeated the main analysis among participants
with at least 2 years of follow-up, and the HRs of stroke and stroke
subtypes for were similar (Supplemental Table S6). Simultaneously,
the results were generally consistent in the sensitivity analyses that
excluded individuals who had a history of cancer or long-illness (Sup-
plemental Table S7). The associations of CVH score, behavioral CVH
and biological CVH with stroke and stroke subtypes with multiple
imputed data showed that the HRs remained essentially unchanged
(Supplemental Table S8). Finally, the results of competing risk analy-
sis were also consistent with the main analyses that CVH was associ-
ated with stroke ant its subtypes, except for SAH (Supplemental
Table S9).

Discussion

In this prospective cohort study of 354,976 individuals with a 11-
year median follow-up period, those with ideal global CVH status had
markedly lower incidence rate for stroke and stroke subtypes com-
pared with individuals with intermediate and poor CVH status. Our
findings suggested that ideal behavioral, biological and global CVH
score were significantly associated with lower risks of stroke, IS, ICH
and unspecified stroke, but not SAH.

CVH is a construct developed by the AHA to define the ideal state
of the cardiovascular system and includes 7 of the most important
modifiable risk factors and health behaviors for the prevention of car-
diovascular diseases. Several previous studies had examined the
association of global CVH with stroke, as parts of analyses on total
cardiovascular diseases, but these results were inconsistent. A cohort
study of 2981 participants from the Northern Manhattan Study iden-
tified an inverse association between the number of CVH metric and
the risk of total stroke over a 11-year median follow-up [12]. A pro-
spective study including 30,239 participants who were followed for
4 ¢9 years suggested that greater global CVH has been associated
with lower risk of total stroke whether in black or white Americans
[6]. Moreover, a meta-analysis combining results from 6 prospective
studies with follow-up duration ranging from 4 ¢0 to 11 years, identi-
fied a linear association between global CVH score and risk of total
stroke [11]. The association between trajectories of global CVH score
over time and the risk of stroke was also revealed in the Framingham
Offspring Study [21] and The Kailuan Study [9]. However, no signifi-
cant association between global CVH score and total stroke was found
among 9294 participants within the Three-City Study, reporting the
HR for ideal CVH compared with poor CVH was 0.45 (95% CI:
0.20�1.03) [7]. In the EPIC��Norfolk Study, similarly, the highest CVH
category (score 12�14) was not statistically associated with the risk
of total stroke compared with the lowest CVH category (score 0�2)
among 10,043 participants [22]. Our study from a contemporary
cohort clearly observed that ideal global CVH score as well as behav-
ioral and biological CVH were significantly associated with a lower
risk of total stroke. A linear gradient in the adjusted HRs across
behavioral, biological and global CVH categories for total stroke were
also presented.

In addition, our results complement several previous analyses of
stroke demonstrating the association between behavioral, biological



Fig. 2. Joint effect of behavioral and biological cardiovascular health on the risk of stroke. Behavioral CVH included smoking, diet, physical activity, body mass index. Biological
CVH metrics included blood glucose, blood cholesterol, blood pressure.

Table 4
Global cardiovascular health (CVH) and risks of stroke and stroke subtypes.

Outcomes Events/total Incidence rate per
1000 person-year (95% CI)

Absolute rate difference per
1000 person-year (95% CI)

HR (95% CI)

Stroke
Poor CVH score (0�7) 1908/75,172 2 ¢ 37 (2 ¢27�2 ¢48) 1 (Reference) 1 (Reference)
Intermediate CVH score (8�11) 3483/228,453 1 ¢ 40 (1 ¢36�1 ¢45) �0 ¢ 97 (�1 ¢ 09 to-0 ¢85) 0 ¢69 (0 ¢65�0 ¢ 73)
Ideal CVH score (12�14) 413/51,351 0 ¢ 73 (0 ¢67�0 ¢81) �1 ¢ 64 (�1 ¢ 77 to-1 ¢51) 0 ¢48 (0 ¢43�0 ¢ 53)
P for trend <0 ¢ 001
1-point increment in CVH score (range 0�14) 5804/354,976 1 ¢ 51 (1 ¢47�1 ¢55) 0 ¢89 (0 ¢88�0 ¢90)

Ischemic stroke
Poor CVH score (0�7) 1259/75,172 1 ¢ 56 (1 ¢48�1 ¢65) 1 (Reference) 1 (Reference)
Intermediate CVH score (8�11) 2182/228,453 0 ¢ 88 (0 ¢84�0 ¢91) �0 ¢ 68 (�0 ¢ 78 to-0 ¢59) 0 ¢67 (0 ¢63�0 ¢ 72)
Ideal CVH score (12�14) 223/51,351 0 ¢ 40 (0 ¢35�0 ¢45) �1 ¢ 16 (�1 ¢ 27 to-1 ¢07) 0 ¢42 (0 ¢36�0 ¢ 48)
P for trend <0 ¢ 001
1-point increment in CVH score (range 0�14) 3664/354,976 0 ¢ 95 (0 ¢92�0 ¢98) 0 ¢87 (0 ¢86�0 ¢ 89)

Intracerebral hemorrhage
Poor CVH score (0�7) 205/75,172 0 ¢25 (0 ¢22�0 ¢29) 1 (Reference) 1 (Reference)
Intermediate CVH score (8�11) 455/228,453 0 ¢ 18 (0 ¢17�0 ¢20) �0 ¢ 07 (�0 ¢ 10 to-0 ¢03) 0 ¢78 (0 ¢66�0 ¢ 92)
Ideal CVH score (12�14) 54/51,351 0 ¢ 10 (0 ¢07�0 ¢12) �0 ¢ 15 (�0 ¢ 20 to-0 ¢11) 0 ¢50 (0 ¢37�0 ¢ 69)
P for trend <0 ¢ 001
1-point increment in CVH score (range 0�14) 714/354,976 0 ¢ 18 (0 ¢17�0 ¢20) 0 ¢92 (0 ¢89�0 ¢ 95)

Subarachnoid hemorrhage
Poor CVH score (0�7) 117/75,172 0 ¢ 14 (0 ¢12�0 ¢17) 1 (Reference) 1 (Reference)
Intermediate CVH score (8�11) 281/228,453 0 ¢ 11 (0 ¢10�0 ¢13) �0 ¢ 03 (�0 ¢ 06 to-0 ¢02) 0 ¢77 (0 ¢62�0 ¢ 96)
Ideal CVH score (12�14) 55/51,351 0 ¢ 10 (0 ¢07�0 ¢13) �0 ¢ 04 (�0 ¢ 08 to-0 ¢01) 0 ¢73 (0 ¢52�1 ¢ 02)
P for trend 0 ¢029
1-point increment in CVH score (range 0�14) 453/354,976 0 ¢ 12 (0 ¢11�0 ¢13) 0 ¢97 (0 ¢93�1 ¢ 02)

Unspecified stroke
Poor CVH score (0�7) 147/75,172 0 ¢ 18 (0 ¢15�0 ¢21) 1 (Reference) 1 (Reference)
Intermediate CVH score (8�11) 249/228,453 0 ¢10 (0 ¢09�0 ¢11) �0 ¢ 08 (�0 ¢ 11 to-0 ¢05) 0 ¢68 (0 ¢55�0 ¢ 84)
Ideal CVH score (12�14) 30/51,351 0 ¢ 05 (0 ¢04�0 ¢08) �0 ¢ 13 (�0 ¢ 16 to-0 ¢09) 0 ¢48 (0 ¢32�0 ¢ 72)
P for trend <0 ¢ 001
1-point increment in CVH score (range 0�14) 426/354,976 0 ¢ 11 (0 ¢10�0 ¢12) 0 ¢87 (0 ¢83�0 ¢ 91)

Hazard ratios were estimated using Cox regression models with age as timescale and adjusted for sex, ethnicity, education attainment, employment status, Town-
send deprivation index, consumption of alcohol intaking, C-response protein, family history of stroke.

Z. Cao et al. / EClinicalMedicine 33 (2021) 100791 7
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and global CVH and stroke subtypes, suggesting that CVH status was
statistically associated with stroke subtypes including IS and ICH,
except for SAH. To the best of our knowledge, only one study
reported the relationship between CVH and stroke subtypes. In this
study on 91,698 participants with a 4-year follow-up from the Kai-
luan Study [23], the results showed that greater number of ideal
global CVH metric was only associated with a lower risk of IS but not
ICH. However, the study was of modest incident stroke cases
(<1500), and was limited by its shorter follow-up period and failed
to differentiate ICH and SAH. It is of worth noting that the associa-
tions between CVH and stroke subtypes were corroborated by our
findings over a longer follow-up duration and among a larger sample.
One explanation for the inconsistency of ICH and SAH is that they
have different pathogenesis and risk factors [24,25]. IS occurs owing
to the occlusion of a blood vessel, whereas the hemorrhagic stroke is
inclined to a rupture of a blood vessel. Hemorrhagic strokes include
ICH and SAH. Different from the ICH, non-traumatic parenchymal
hemorrhage in the brain, SAH results from the rupture of a blood ves-
sel connecting the arachnoid membrane to the surface of the brain an
performs more severe clinical symptoms including headache, nausea
and vomiting [26]. ICH is related to hypertension, diabetes, and other
atherosclerosis risk factors, SAH prefer to link with intracranial
aneurysms or arteriovenous malformations and high blood pressure
promotes the vessels burst [24,27]. As described previously, the 7-
item CVH metrics tend to increase the oxidative stress, vascular
inflammation and microcirculation disorder in the blood vessels [28].
For example, hypertension contributes to the arteriole spasms, prolif-
eration of smooth muscle cells, vascular wall remodeling and fibrosis,
thus leading to arterial sclerosis and stenosis [29]. Meanwhile,
increased serum cholesterol level is directly combined with the ath-
eromatous plaque formation, developing into the stenosis or occlu-
sion of the lumen and increasing the incidence of cardiovascular and
cerebrovascular events [30]. In current study, we found that the dif-
ference of CVH metric for ICH and SAH lie in smoking status, BMI,
diet pattern and blood glucose.

By combining behavioral and biological cardiovascular risk factors
using the AHA 7-item tool, we investigated the relationship between
an extended CVH profile and stroke events. Our results showed a
graded and substantial reductions in the risks of stroke events across
the continuum of behavioral, biological and global CVH score,
highlighting the importance of clustering of CVH risk factors for risk
of incident stroke. It should be emphasized that the association
between CVH and stroke was linear, so that even intermediate CVH
or the gain of 1 additional ideal metric was systematically associated
with favorable outcomes. Moreover, each 1-point increment in the
CVH score was associated with a similar reduction in the risk of
stroke events to each additional CVH metric at optimal level. Use of a
finely graded 14-point scale, which also considers each metric at an
intermediate level, suggests that even small improvements in CVH
metrics, without necessarily reaching the optimal level for each met-
ric, are likely to be beneficial in reducing the risk of stroke events.
From a pragmatic and public health perspective, promoting change
in CVH metrics from poor to intermediate levels with increasing CVH
scores may be more achievable and is likely to have a greater popula-
tion-level effect for preventing risk factors associated with stroke
events than the much more challenging change from poor to optimal
level. These results contribute to quantify the potential long-term
implications of meeting high CVH recommendations.

This study has several limitations. First, CVH metrics were
obtained only at baseline, and changes over time were not accounted
for in this study. Second, although analyses were adjusted for known
potential sources of bias and participants were followed up for a
median of 11 years, the possibility of unmeasured confounding and
reverse causation remains. Third, as in many large prospective stud-
ies, healthy lifestyle information (e.g. physical activity, diet metrics)
was subjectively measured by self-reported, which are known to
cause possible recall bias. However, recall-based assessment methods
remain reasonable representations for health behaviors with alterna-
tive biases and problems inherent in observed assessment methods.
Besides, the definition of our diet metrics was not complete, since
information on fiber-rich whole grains, sodium and sugar-sweetened
beverages was lack, future study should include all metrics using
another large-scale cohort according to AHA criteria. Final, the study
sample was recruited from a community set ting but there is evidence
of participation bias with study participants being more affluent and
healthier than the average UK population [31]. Therefore, UK Biobank
is not a representative sample of the UK population, we should be
cautious in generalizing summary statistics to the general population.
However, it can be used to provide valid estimates of exposur-
e�disease relationships due to its large sample size and multitude of
exposures [31,32]. Estimated relative risks derived from UK Biobank
are consistent with more representative population cohorts [32].

In conclusion, in this large population-based sample, ideal behav-
ioral, biological and global CVH score, as defined by the AHA 7-item
tool, were associated with substantially lower risks of stroke, IS, ICH
and unspecified stroke, but not SAH. Our study highlights the benefits
of maintaining better CVH across the life course and call attention to
the need for comprehensive strategies to preserve and restore high
CVH score to prevent stroke events.
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