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ABSTRACT
Objectives To establish a new ambulatory blood pressure
(ABP) parameter (24-hour ABP profile) and evaluated its
performance on stroke outcome in ischaemic stroke (IS) or
transient ischaemic attack (TIA) patients.
Methods The prospective cohort consisted of 1996 IS/
TIA patients enrolled for ABP monitoring and a 3-month
follow-up for stroke recurrence as outcome. Profile
groups of systolic blood pressure (SBP) were identified
via an advanced functional clustering method, and the
associations of the profile groups and conventional ABP
parameters with stroke recurrence were examined in a Cox
proportional hazards model.
Results Three discrete profile groups (n=604, 781
and 611 in profiles 1, 2 and 3, respectively) in 24-hour
ambulatory SBP were identified. Profile 1 resembled most
to the normal diurnal blood pressure pattern; profile 2
also dropped at night, but climbed earlier and with higher
morning surge; while profile 3 had sustained higher
nocturnal SBP without significant nocturnal SBP decline.
The incidence of stroke recurrence was 2.9%, 3.9% and
5.5% in profiles 1, 2 and 3, respectively. After adjustment
for covariates, profile 3 was significantly associated with
higher risk of stroke recurrence with profile 1 as reference
(HR 1.76, 95% CI: 1.00 to 3.09), while no significant
difference was observed between profiles 2 and 1 (HR
1.22, 95% CI: 0.66 to 2.25). None of conventional ABP
parameters showed significant associations with the
outcome.
Conclusions Ambulatory 24-hour SBP profile is
associated with short-term stroke recurrence. Profiles of
ABP may help improve identification of stroke recurrence
by capturing the additive effects of individual ABP
parameters.

INTRODUCTION
Hypertension has been identified as the first
leading modifiable risk factor for stroke.1 2 It
is widely accepted that 24-hour ambulatory
blood pressure (ABP) monitoring is superior to clinic and self-measurement of blood
pressure (BP) in the diagnosis and prognosis of hypertension and risk assessment of
cardiovascular and cerebrovascular disease.3
The conventional ABP parameters includes
24-
hour mean BP, daytime and night-
time
BP, dipping status, morning surge (MS),
nocturnal hypertension, BP variability (BPV)

et al.4 Extensive studies have shown that above
conventional ABP parameters are associated
with stroke3 5–16 and its clinical outcome.17–21
However, individual ABP parameter might
only represent a specific characteristic of the
whole ABP profiles, and different parameter
play distinct role on stroke prognosis. For
example, disturbed dipping status, especially
reverse dippers, the long-lasting high BP level
could cause impairment of the arterial wall
structure and endothelium leading to acceleration of vascular remodelling and atherosclerosis of the artery, which promote subsequent
stroke events.22 An exaggerated morning BP
surge could induce plaque instability through
increased inflammatory reaction and leading
to plaque rupture triggered by increased
mechanical pressure and shear stress of an
exaggerated fluctuation of blood flow on the
vessel wall.23 24
Moreover, despite extensive existing data
on individual ABP parameters in relation to
the risk of developing stroke, the literature
is relatively limited regarding the association
between ABP profiles and stroke outcome.
Most previous studies that focused on analyses of individual ABP parameters neglected
the temporal nature of the 24-
hour ABP
data and the additive effects of multiple ABP
characteristics. Profile analysis of 24-
hour
ABP, incorporating all the ABP parameters
with the minimum information lost, may
be better for evaluating its performance on
stroke outcome. A piecewise linear random
effects model has been recently proposed
to identify 24-
hour ABP profile clusters25;
however, this model has not been used for
clinical evaluation of stroke patients. In this
study, we aimed to identify clusters of stroke
patients with similar ABP profile patterns,
characterise the circadian rhythm parameters in the profile groups and examine the
association of 24-
hour ABP profiles with
the clinical outcome measured as stroke
recurrence.
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BP measurements
For stroke patients, to avoid BP elevation during the stress
period after stroke onset, 24-hour ABPM was completed
within 3–14 days after the index event; however, for TIA
patients, because TIA does not generally cause stress
hypertension, ABPM could be evaluated from onset to
14 days. The frequency of measurements was set every
15 min during daytime and every 30 min during night-
time. Daytime was defined from 06:00 to 21:59 and night-
time from 22:00 to 05:59. If the recorded BP readings
were less than 80% of expected measurements, the ABPM
should be repeated. Participants were instructed to keep
a diary of their daily activities during the measurements.
Definition of the conventional ABP parameters
In this study, all ABP parameters were calculated based
on systolic blood pressure (SBP).6 The percentage of
nocturnal decline in SBP was calculated as ((daytime
SBP−night-
time SBP)/daytime SBP)×100%. Daytime
and night-time SBP was defined as the mean SBP during
daytime and night-time episodes. Night-time dipping was
classified as follows: extreme dipper (nocturnal decline
≥20%), dipper (10%≤nocturnal decline <20%), non-
dipper (0%≤nocturnal decline <10%) and reverse dipper
(nocturnal decline <0%). Morning SBP was defined as
the average of SBP readings during the ﬁrst 2 hours of
the daytime (06:00 to 08:00). The sleep-trough (ST) SBP
was defined as the lowest SBP during night-time. MS was
2

deﬁned as ST-MS calculated by the morning SBP minus
the ST SBP. SBP variability was evaluated by coefficient of
variation defined as 100×SD/mean SBP.
Clinical outcomes
Patients were followed up for clinical outcomes at 3
months through face-to-face interview and at 12 months
by telephone. Follow-up through telephone or face to face
was conducted by trained site coordinators. In this study,
the clinical outcome was stroke recurrence during the
3 months. Stroke recurrence was defined as a new stroke
event (ischaemic or haemorrhagic stroke). If stroke event
occurred before ABPM, it would not be included in the
statistical analysis.
Statistical analysis
The functional clustering method was implemented to
group the cluster of BP profiles. To facilitate the computation, we preprocessed the ABP readings so that the
measurement times are equally spaced on the 15-min
grids. The detailed preprocessing steps were described
in Section S.2.1 in the online supplemental material. We
treated each resulting BP curve as a function of time and
assumed that the profiles in the same cluster share the
same mean value. Then we used the Fourier expansion
in combination with the iterative k-
centres clustering
method.27 Essentially, the algorithm was developed to
minimise the errors between observed curves and their
cluster sample means. Since wrong clustering would lead
to larger errors than the true one did, the minimisation
algorithm forced the estimated clusters approaching the
underlying truth when the sample size increased. The
technical details are presented in Section S.2.2 in the
online supplemental material.
The associations of ambulatory SBP parameters and
profiles with the clinical outcome were then examined
using a Cox proportional hazards model with adjustment
for confounding variables. All statistical analyses were
performed with SAS V.9.4 (SAS Institute Inc). A two-sided
p<0.05 was considered statistically significant.
RESULTS
Three discrete profile groups in 24-
hour ambulatory
SBP were identified using functional clustering method
(figure 1). Profile 1 (n=781) resembled most to the
normal diurnal BP pattern; profile 2 (n=611) also
dropped at night, but climbed earlier (the trough SBP
was seen around 04:00 in profile 1 and around 24:00 in
profile 2) and with higher MS; while profile 3 (n=604)
had sustained higher nocturnal SBP without significant
nocturnal SBP decline. Moreover, differences in daytime
SBP were not as big as those in night-time SBP between
the three groups. The validation cohort produced considerably similar profile patterns of SBP, especially at night-
time (figure 2).
The characteristics in the total cohort of 1996 patients
and by three profile groups were shown in table 1. The
mean age was 62.7±10.9 years; 32.9% were females; 88.2%
Xu J, et al. Stroke & Vascular Neurology 2021;0. doi:10.1136/svn-2020-000526
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METHODS
Study cohort
The Blood pressure and clinical Outcome in Stroke
Survivors study is a nationwide, hospital-based, longitudinal, prospective cohort study conducted in 61 hospitals in China. Details of the design, rationale and baseline characteristics were described previously.26 In brief,
2608 patients of acute ischaemic stroke (IS) and transient
ischaemic attack (TIA) within 7 days of the index event,
aged 18 years or older, were enrolled from October 2012
to February 2014 at baseline for ABP monitoring (ABPM)
and followed for 3 months for stroke recurrence as
outcome. In this study cohort, 199 patients with incomplete baseline data and 376 patients with incomplete ABP
data were excluded, and 37 patients were lost to follow-up.
A total of 1996 patients formed the current study cohort.
From January 2015 to December 2015, a total of 746
patients with IS were enrolled for ABPM in Neurology
Department of Beijing Tiantan Hospital, Capital Medical
University. These patients who did not have information
on the clinical outcome were used as a validation cohort
for the ABP profile cluster analysis. In this validation
cohort (mean age=56.1±12.7 years, 28.3% female), 41.9%
had a history of hypertension and a median of National
Institute of Health Stroke Scale of 3 with an IQR of 1–8.
The study was approved by the central Institutional
Review Board at Beijing Tiantan Hospital. All patients
or the designated relatives gave written consent when
enrolled.
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was IS patients in the total cohort. Patients in profile
groups 2 and 3 were older and had more coronary heart
disease than those in group 1. Group 2 had less alcohol
drinkers than group 1. Group 3 had less dyslipidaemia
than group 1. More patients in group 3 (71.4%) took antihypertensive therapy at discharge than those in group 1
(65.4%). Other characteristics did not differ significantly
between the three profile groups. Comparison of characteristics between the included and excluded patients is
given in online supplemental table S1.
Table 2 presents ambulatory SBP parameters of all
participants and by profile groups. Daytime, night-time,

Figure 2 Ambulatory systolic blood pressure (SBP) profiles
in the three cluster groups of the validation cohort.
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DISCUSSION
In the present study, we characterised the 24-hour ABP
profiles in 1996 IS and TIA patients using a novel functional clustering method, in relation to stroke recurrence as the outcome. Three different profile groups
in ABP were identified. The most characteristic cluster
was the patients in group 3 who had significantly higher
nocturnal SBP than those in group 1. The validation
cohort produced a substantially similar profile pattern.
The incidence of stroke recurrence was significantly
higher in group 3 (5.5%) than in group 1 (2.9%). The
ABP profile cluster of group 3 was significantly associated
with a higher risk of stroke recurrence; but individual
ABP parameters did not show significant associations with
the outcome after adjustment for covariates. These findings support the notion that the profile cluster is a more
strongly associated with the clinical outcome of stroke
patients by capturing the additive effects of individual
ABP parameters.
ABPM that continuously monitors changes in BP
during daytime and night-
time can generate a large
number of readings with multiple characteristics of BP.28
Extensive studies have demonstrated that higher MS,
non-dipping and reverse dipping and increased diurnal
levels and variability of BP are associated with the risk of
developing stroke.3 5–11 However, the literature relating
these ABP parameters to clinical outcomes of stroke
patients remained relatively limited, and the results were
inconsistent.17–19 29 30 In the current study, we did not find
conventional ABP parameters to be significantly associated with the 3-month stroke recurrence after adjustment
for covariates. The observations from this and previous
studies suggest that individual ABP parameters might
3
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Figure 1 Ambulatory systolic blood pressure (SBP) profiles
in the three cluster groups.

morning and trough SBP, and ST-
MS showed significant differences between groups in different directions. 24-hour SBP variability did not differ significantly
between groups. Compared with group 1, groups 2 and 3
had significantly less dippers and more non-dippers and
reverse dippers. Group 3 had the highest incidence of
stroke recurrence (5.5%).
In table 3, profile patterns, mean 24-hour SBP, night-
time SBP, morning SBP and trough SBP were found to be
significantly associated with 3-month stroke recurrence
without adjustment for covariates. However, after adjustment for age, sex, risk factors and secondary prevention
medication in model 2 and with additional adjustment
for mean 24-hours SBP in model 3, profile group 3 was
still significantly associated with stroke recurrence with
group 1 as reference; but other associations became
non-significant.
Finally, table 4 shows ambulatory SBP parameters by
profile groups in the validation cohort. Differences in
mean 24-hour SBP, daytime SBP, night-time SBP, morning
SBP, trough SBP, ST-
MS, 24-
hour SBP variability and
night-time dipping patterns were very similar to those as
shown in table 2.
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Variable

All n=1996

Group 1
n=781

Group 2
n=611

Group 3
n=604

P value

Age, y
Female, n (%)

62.7±10.9
656 (32.9)

60.9±10.9
258 (33.0)

63.7±10.7*
203 (33.2)

63.8±10.6*
195 (32.3)

<0.001
0.93

Smoker, n (%)

860 (43.1)

350 (44.8)

252 (41.2)

258 (42.7)

0.39

Drinker, n (%)

745 (37.4)

314 (40.2)

212 (34.7)†

219 (36.2)

NIHSS, median (IQR)

2 (1 to 4)

IS, n (%)

1761 (88.2)

2 (1 to 4)
686 (87.8)

2 (1 to 4)

2 (1 to 5)

0.09
0.48

532 (87.1)

543 (89.9)

0.28

146 (23.9)

156 (25.8)

0.15

Medical history, n (%)
 Stroke

469 (23.5)

167 (21.4)

 Hypertension

1403 (70.3)

420 (68.7)

438 (72.5)

0.33

 Diabetes mellitus

433 (21.7)

158 (20.2)

125 (20.5)

150 (24.8)

0.08

 Dyslipidaemia

209 (10.5)

98 (12.6)

69 (11.3)

 CHD

214 (10.7)

62 (7.9)

 Atrial fibrillation

52 (2.6)

545 (69.8)

42 (6.95) *

0.01

81 (13.3)*

71 (11.8)*

0.01

14 (1.97)

18 (2.95)

20 (3.31)

0.17

127 (20.8)

158 (20.3)

0.97

61 (10.1)

0.96

History of Medication, n (%)
 Antiplatelet therapy

409 (20.5)

124 (20.6)

 Statin therapy

201 (10.1)

77 (9.8)

 Antihypertensive

1087 (54.5)

402 (51.6)

 Anticoagulant

3 (0.6)

3 (0.4)

63 (10.31)
334 (54.7)

351 (58.2)

0.05

4 (0.7)

4 (0.7)

0.75

Medication at discharge, n (%)
 Antiplatelet therapy

1868 (93.6)

732 (93.7)

565 (92.5)

571 (94.5)

0.33

 Statin therapy

1670 (83.7)

659 (84.4)

500 (81.8)

511 (84.6)

0.02

 Antihypertensive
 Anticoagulant

1334 (66.8)
20 (1.0)

511 (65.4)
7 (0.9)

392 (64.2)
7 (1.2)

431 (71.4)†
6 (1.0)

0.34
0.90

*p<0.01 for comparison with group 1.
†P<0.05.
CHD, coronary heart disease; IS, ischemicischaemic stroke; NIHSS, National Institute of Health Stroke Scale.

have a limited statistical power to predict stroke recurrence of stroke patients. Previous studies of ABP focused
analysis of single readings ignored the temporal nature
of the data. Advanced statistical techniques that incorporate the information of multiple ABP characteristics may
help improve comprehensive BP assessment for stroke
patients.
BP as an important cardiovascular function parameter displays a circadian rhythm, with clear day–night
variability in a 24-hour cycle controlled by the central
circadian clock.31 The profile of diurnal changes in BP
is constituted by 24-hour BP levels, variability and circadian rhythms. The trajectory patterns of short-
term
and long-
term visit-
to-
visit BP have been established
and have shown to be associated with cardiovascular
events.32 Recently, a piecewise linear random effects
model has been proposed to identify 24-hour ABP trajectory groups25; however, this model has not been applied
for prediction of stroke outcomes. In the present study,
we developed a novel profile clustering method, and
three distinct ABP profile groups were identified. Stroke
patients in group 3 who had sustained higher nocturnal
4

SBP compared with those in group 1 showed an increased
risk of stroke recurrence. However, when individual ABP
parameters were analysed separately with adjustment for
covariates, none of them was significantly associated with
stroke recurrence. These findings suggest that our novel
profile clustering approach is superior to the traditional
analysis of individual ABP parameters in relation to stroke
outcome.
Elevated nocturnal BP or non-dippers at night have
long been recognised as a strong predictor of cardiovascular and cerebrovascular disease in numerous clinical
and epidemiologic studies.8 33–36 The current study aimed
to assess the predictive value of the ABP profile patterns
as well as individual BP parameters for stroke recurrence.
The most characteristic feature of the profile pattern
of group 3 classified in this study was significantly lower
daytime SBP and increased nocturnal SBP with 68.1%
reverse dippers. It is obvious that the association between
the profile pattern of group 3 and stroke recurrence was
mainly driven by the consistently higher night-time SBP
levels. However, it is worthy to be noted that night-time
SBP, ST SBP, non-dippers and reverse dippers at night did
Xu J, et al. Stroke & Vascular Neurology 2021;0. doi:10.1136/svn-2020-000526
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Table 1 Characteristics of the participants by profile groups
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Variable

All n=1996

Group 1
n=781

Group 2
n=611

Group 3
n=604

P value

Mean 24-hour SBP, mm Hg
Daytime SBP, mm Hg

142.0±18.3
143.3±18.3

142.2±18.0
145.1±18.1

140.1±18.9*
141.5±19.0*

143.7±17.8
142.7±17.7*

<0.001
<0.001

Night-time SBP, mm Hg

137.7±20.6

132.0±18.8

135.3±19.8*

147.2±20.3*

<0.001

Morning SBP, mm Hg

143.6±21.0

138.7±20.0

148.2±22.2*

145.5±19.7*

<0.001

Trough SBP, mm Hg

116.2±20.1

110.9±18.1

113.6±20.0*

125.7±19.7*

<0.001

ST-MS, mm Hg

27.6±16.6

28.1±14.9

34.8±17.3*

19.9±14.5*

24-hours SBP variability

10.9±2.9

11.4±3.0

10.7±2.8

Dipping patterns, n (%)

*

<0.001

10.4±4.5
*

<0.001
<0.001

 Dippers

366 (18.6)

277 (35.9)

84 (14.0)

5 (0.8)

 Extreme dippers

31 (1.6)

28 (3.6)

3 (0.3)

1 (0.2)

 Non-dippers

1028 (52.1)

441 (57.2)

401 (66.9)

186 (30.9)

 Reverse dippers
 Stroke recurrence, n (%)

547 (27.7)
80 (4.0)

25 (3.2)
23 (2.9)

112 (18.7)
24 (3.9)

410 (68.1)
33 (5.5)†

0.06

*P<0.01 compared with group 1.
†P<0.05.
MS, morning surge; SBP, systolic blood pressure; ST-MS, sleep-trough morning surge.

not significantly predict the risk of stroke recurrence after
adjusting for confounding variables. Our results suggest
an idea that the significant association between circadian
BP profile patterns and stroke recurrence depends on
not only the elevated nocturnal BP but also other ABP
parameters with weak additive effects.

Another important finding was that MS may not have
enough predictive power for stroke recurrence. Our
result showed that profile 2 with higher MS did not have
significant higher risk of stroke recurrence compared
with profile 1. Moreover, the amplitude of MS of profile
3, which had the highest risk of stroke recurrence was

Table 3 HR of SBP parameters for 3-month stroke recurrence
Unadjusted

Model 1

Model 2

Variable

HR (95% CI)

HR (95% CI)

HR (95% CI)

Profile groups
 Group 1

Reference

Reference

Reference

 Group 2

1.38 (0.77 to 2.46)

1.21 (0.66 to 2.23)

1.22 (0.66 to 2.25)

 Group 3

1.86 (1.08 to 3.20)

1.78 (1.01 to 3.11)

1.76 (1.00 to 3.09)

Mean 24-hour SBP

1.01 (1.00 to 1.03)

1.01 (0.99 to 1.02)

1.01 (0.99 to 1.02)

Daytime SBP

1.01 (1.00 to 1.02)

1.01 (0.99 to 1.02)

0.94 (0.86 to 1.02)

Night-time SBP

1.01 (1.00 to 1.02)

1.01 (0.99 to 1.02)

1.02 (0.99 to 1.05)

Morning SBP

1.01 (1.00 to 1.02)

1.01 (0.99 to 1.02)

1.01 (0.99 to 1.03)

Trough SBP

1.01 (1.00 to 1.02)

1.01 (0.99 to 1.02)

1.00 (0.99 to 1.02)

ST-MS

1.00 (0.99 to 1.02)

1.00 (0.99 to 1.02)

1.00 (0.99 to 1.02)

24-hour SBP variability

1.03 (0.96 to 1.11)

1.04 (0.97 to 1.12)

1.04 (0.97 to 1.12)

 Dippers

Reference

Reference

Reference

 Extreme dippers

0.89 (0.12 to 6.80)

1.24 (0.16 to 9.66)

1.17 (0.15 to 9.14)

 Non-dippers
 Reverse dippers

1.02 (0.54 to 1.91)
1.33 (0.68 to 2.60)

1.10 (0.56 to 2.18)
1.37 (0.67 to 2.83)

1.07 (0.54 to 2.12)
1.31 (0.64 to 2.71)

Dipping patterns

Model 1: Covariates included were age, sex; medical history (hypertension, diabetes mellitus, dyslipidaemia, coronary heart disease), and
medication at discharge (antiplatelet, antilipid and antihypertension).
Model 2: Covariates included were those in Model 1+mean 24-hour SBP.
SBP, systolic blood pressure; ST-MS, sleep-trough morning surge.
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All

Group 1

Group 2

Group 3

Variable

n=746

n=265

n=270

n=211

Mean 24-hour SBP, mm Hg
Daytime SBP, mm Hg

131.4±17.7
132.1±18.0

129.6±17.4
132.3±18.1

130.1±17.6
130.2±17.6

135.1±17.8*
134.6±18.2

Night-time SBP, mm Hg

129.1±20.3

121.9±18.1

129.8±20.3*

137.0±19.6*

Morning SBP, mm Hg

125.9±35.5

120.9±31.3

132.4±34.7*

122.6±40.4

Trough SBP, mm Hg

106.5±35.0

102.4±29.6

106.8±35.2

111.4±40.1*

ST-MS, mm Hg

20.2±28.6

19.4±27.2

25.3±27.1†

13.4±31.1

24-hour SBP variability

13.9±10.5

13.5±10.0

13.2±9.9

15.3±11.6

Dipping patterns, n (%)

*

*

 Dippers

106 (14.2)

75 (28.3)

20 (7.4)

11 (5.2)

 Extreme dippers

21 (2.8)

11 (4.1)

7 (2.6)

3 (1.4)

 Non-dippers
 Reverse dippers

349 (46.8)
270 (36.2)

156 (58.9)
23 (8.7)

118 (43.7)
125 (46.3)

75 (35.6)
122 (57.8)

*P<0.01 compared with group 1.
†P<0.05.
SBP, systolic blood pressure; ST-MS, sleep-trough morning surge.

lowest among three profiles. In fact, previous studies
concerning the predictive value of MS for stroke also
showed conflicting results.37–39 And some study revealed
that the reverse dippers were associated with blunted MS,
so it is reverse dippers but not the accompanying blunted
MS accounting for stroke risk.40 This, in other hand,
emphasise the importance of the elevated night-
time
BP (NBP) on stroke prognosis rather than MS. While,
previous study also reported that the prognostic predictive value of MS could only be found in the dippers rather
than non-dippers.8 Considering the high prevalence of
non-dippers in the three profiles, MS might have little
effect on stroke risk prediction. Higher NBP might partly
explained the higher stroke risk of profile 2 in contrast
to profile 1, although the difference was insignificant. It
could be due to the relatively small difference between
the NBPs of the two profiles, and larger samples might
be needed.
Our study had some limitations. First, there may be
enrolment bias in our study population, which have
more mild stroke patients, and low proportion of atrial
fibrillation enrolled. Therefore, our findings may not be
generalisable to all stroke patients. Second, the number
of patients included in this study seemed to be low to
justify the lack of prognostic value of conventional individual ABP parameters (dipping pattern, MS, etc). Third,
follow-up data were unavailable in the validation group,
we could not examin the prognostic significance of the
new obtained profile.
CONCLUSIONS
Of note, night-time SBP, ST SBP, non-dippers and reverse
dippers at night did not significantly predict the risk of
stroke recurrence after adjusting for covariates. These
results suggest that ambulatory 24-
hour SBP profile
6

pattern is more strongly associated with short-
term
stroke recurrence in stroke patients compared with individual ABP parameters. Profile patterns of ABP may help
improve identification of stroke patients at a high risk
of adverse clinical outcomes by capturing the additive
effects of individual ABP parameters.
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