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Abstract
Left atrial enlargement is an independent risk factor for ischemic stroke in patients with atrial fibrillation. Little is known
regarding the association between nighttime blood pressure variability and left atrial enlargement in patients with atrial
fibrillation and preserved ejection fraction. The study population consisted of 140 consecutive patients with atrial fibrillation
(mean age 64 ± 10 years) with preserved ejection fraction (≥50%). Nighttime blood pressure was measured at hourly
intervals, using a home blood pressure monitoring device. Nighttime blood pressure variability was expressed as the
standard deviation of all readings. Left atrial volume index was measured using the modified Simpson’s biplane method with
transthoracic echocardiography. Multiple regression analysis indicated that nighttime mean systolic/diastolic blood pressure
and its variability remained independently associated with left atrial enlargement after adjustment for age, sex, anti-
hypertensive medication class, and left ventricular mass index (P < 0.01). When patients were divided into four groups
according to nighttime blood pressure and its variability, the group with higher nighttime blood pressure and its variability
had significantly larger left atrial volume than the group with lower nighttime blood pressure and its variability (46.6 ml/m2

vs. 35.0 ml/m2, P < 0.0001). Higher nighttime blood pressure and its variability are associated with left atrial enlargement.
The combination of nighttime blood pressure and its variability has additional predictive value for left atrial enlargement.
Intensive intervention for these high-risk patients may avoid or delay progression of left atrial enlargement and reduce the
risk of stroke.

Introduction

Atrial fibrillation (AF) is the most common arrhythmia, and
its prevalence and incidence rates are gradually increasing
worldwide [1, 2]. AF is a strong risk factor for stroke, which
is linked to poor prognosis and higher healthcare costs [3,
4]. Although direct oral anticoagulant therapy markedly
reduces the incidence of stroke and mortality, a substantial
number of patients are still exposed to the risk of cerebral
infarction [5, 6]. Therefore, the identification of other
therapeutic targets is expected to improve long-term mor-
bidity or mortality in patients with AF.

Left atrial (LA) enlargement, which is a subclinical
abnormality that is common in patients with AF, has been
identified as an independent risk factor for ischemic stroke
[7, 8]. Moreover, LA enlargement is associated with the
severity of neurologic deficit after ischemic stroke [9]. In
general, LA enlargement is a progressive process; therefore,
the identification of therapeutic targets to inhibit or slow the
progression of LA enlargement may help improve long-
term morbidity or mortality in patients with AF.

Blood pressure (BP) has proven to be an important
determinant of LA enlargement [10]. Conventional single-
BP measurement cannot reflect the patient’s intrinsic BP
characteristics because of inadequate sampling and the
possibility of falsely elevated reading due to emotional
components, such as the white coat effect [11]. An alter-
native method is nighttime BP monitoring, which allows
multiple measurements under more stable and standardized
conditions. Several studies demonstrated that target organ
damage or prognosis is more closely associated with
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nighttime BP than with daytime BP or single BP mea-
surements [12–16]. Moreover, multiple BP measurements
provide information about variability, which is not obtained
from a single BP measurement. Increased nighttime BP
variability was proven to be associated with atherosclerosis
and subsequent stroke [11, 13, 17, 18]. However, the
association between nighttime BP variables and LA enlar-
gement has not been addressed in patients with AF.

The aim of the present study was to assess the correlation
between nighttime BP variables (average values and
variability) and LA enlargement in patients with AF and
preserved ejection fraction (EF).

Methods

Study population

This study was designed as a cross-sectional study of pro-
spectively collected data and conducted at Osaka City
University Hospital. The study population consisted of 140
consecutive patients with AF (mean age, 64 ± 10 years)
with preserved EF (EF ≥ 50%) who were scheduled to
undergo catheter ablation or cardioversion between April
2013 and December 2016. We excluded patients with
moderate or severe valvular heart disease. Among the
variables used in the analyses, hypertension was defined as
systolic BP ≥ 140 mmHg, diastolic BP ≥ 90 mmHg, and/or
antihypertensive medication use. Dyslipidemia was defined
as low-density lipoprotein cholesterol level ≥ 140 mg/dl
and/or use of lipid-lowering medication. Diabetes mellitus
was defined as fasting glucose level ≥ 126 mg/dl, glycated
hemoglobin A1c level ≥ 6.5%, and/or current use of insulin
or oral hypoglycemic agents. The study protocol conforms
to the ethical guidelines of the 1975 Declaration of Helsinki
and has been approved by the hospital ethics committee of
Osaka City University Graduate School of Medicine.
Written informed consent was obtained from all patients.

Blood pressure assessment

We defined casual BP as the value measured at the time of
admission for catheter ablation or cardioversion by trained
nurses, using an oscillometric device (ES-H55, Terumo
Corporation, Tokyo, Japan), with the patient in a sitting
position and after 5 min rest. Nighttime BP was measured
using a home BP monitoring device (HEM-5041, Omron
Healthcare, Kyoto, Japan) during the first night of hospi-
talization. Therefore, both measurements were performed
before catheter ablation or cardioversion. The device was
set to automatically record BP at hourly intervals during
sleep hours (from 11 pm to 6 am). The mean systolic/
diastolic BP in a sleep period was calculated. Nighttime BP

variability was calculated as the standard deviation (SD) of
all nighttime BP readings.

Echocardiography

Transthoracic echocardiography examinations were per-
formed by the investigators who were blinded to BP status
before catheter ablation or cardioversion using commer-
cially available systems equipped with a high-frequency
transducer. All patients underwent a comprehensive exam-
ination, and anatomic measurements were made according
to the recommendations of the American Society of Echo-
cardiography [19]. We evaluated LA volume with the
biplane modified Simpson method and LA volume was
indexed by the body surface area [19]. Left ventricular mass
was calculated using the Devereux formula and indexed by
body surface area [20].

Statistical analysis

Continuous variables are expressed as mean values ± stan-
dard deviation and categorical variables are reported as
percentages. Linear regression analysis was performed to
examine the correlation between LA volume index and
clinical, echocardiographic, and BP variables. Multiple
regression analysis adjusted for age, gender, anti-
hypertensive medication class, and left ventricular index
was carried out to identify BP variables associated with LA
volume index. BP variables were entered into multiple
regression analysis separately. A P value of <0.05 was
considered statistically significant for all tests.

Results

Study cohort

Among the 161 patients with AF and preserved EF, 21 did
not have nighttime BP data because of refusal (n= 19) or
inability to complete the test (n= 2). This left a final sample
size of 140 (mean age 64 ± 10 years; 74% male), of whom
82 (59%) had paroxysmal and 58 (41%) had persistent AF.
Clinical characteristics are listed in Table 1. BP and echo-
cardiographic indices are shown in Table 2. The percentage
of antihypertensive medications use was 66% (only in the
morning; 46%, only in the evening; 4%, and both in the
morning and in the evening; 16%). The study population
consisted of patients with hypertension (74%) that was well
controlled (nighttime mean systolic BP, 124 ± 17 mmHg),
and a moderately dilated LA (LA volume index, 40.4 ±
12.9 ml/m2), without coexistence of left ventricular hyper-
trophy (left ventricular mass index, 80.6 ± 14.2 g/m2) [19].
Heart rate was also well controlled (nighttime average heart
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rate, 65.9 ± 14.1 bpm) and 99.3% of the patients had con-
trolled heart rate (nighttime mean heart rate < 110 bpm)
which is based on the European Society of Cardiology
guideline 2016 [21]. Figure 1 is a representative raw data,
regarding the patients with same mean BP values but their
variability was different, to show the importance of repeated
measurements in AF patients.

Nighttime BP variables associated with LA volume
index

Correlation between LA volume index and coronary risk
factors, echocardiographic parameters, and BP parameters
are presented in Table 3. Univariate analyses indicated that

age (r= 0.27, P < 0.01), hypertension (r= 0.30, P <
0.0001), BNP (r= 0.48, P < 0.0001), E/e′ (r= 0.35,
P < 0.0001), and left ventricular mass index (r= 0.38, P <
0.0001) were positively associated with LA volume index.
Moreover, casual systolic BP (r= 0.22, P < 0.01), nighttime
mean systolic BP (r= 0.41, P < 0.0001), nighttime systolic
BP SD (r= 0.28, P < 0.001), nighttime mean diastolic
BP (r= 0.36, P < 0.0001), and nighttime diastolic BP SD
(r= 0.30, P < 0.001) were positively correlated with LA
volume index. However, the duration of AF (19.0 ±
30.0 months) was not associated with LA volume index

Table 1 Baseline characteristics

Variables All patients (n= 140)

Age, years 64 ± 10

Male, % 74% (n= 103)

Hypertension, % 74% (n= 104)

Antihypertensive medication use, % 66% (n= 93)

ACEI/ARB, % 36% (n= 51)

β-blocker, % 28% (n= 39)

Ca-blocker, % 32% (n= 45)

Diabetes mellitus, % 17% (n= 24)

Dyslipidemia, % 30% (n= 42)

BNP, pg/ml 88.4 ± 129.3

Creatinine, mg/dl 0.88 ± 0.50

eGFR, ml/min/1.73 m2 69.1 ± 16.6

ACEI angiotensin converting enzyme inhibitor, ARB angiotensin II
receptor blocker, eGFR estimated glomerular filtration rate

Table 2 Blood pressure and echocardiographic variables

Variables All patients (n= 140)

Casual systolic BP, mmHg 127 ± 18

Nighttime mean systolic BP, mmHg 124 ± 17

Nighttime systolic BP SD, mmHg 9.9 ± 4.0

Casual diastolic BP, mmHg 77 ± 12

Nighttime mean diastolic BP, mmHg 76 ± 11

Nighttime diastolic BP SD, mmHg 7.8 ± 3.5

Nighttime mean HR, bpm 65.9 ± 14.1

Left ventricular ejection fraction, % 58.7 ± 3.1

Left ventricular end diastolic diameter, mm 45.9 ± 4.1

Left ventricular end systolic diameter, mm 28.3 ± 4.2

Inter-ventricular septum thickness, mm 9.0 ± 1.1

Left ventricular posterior wall thickness, mm 9.0 ± 1.1

E/e′ 11.1 ± 4.4

Left ventricular mass index, g/m2 80.6 ± 14.2

LA volume index, ml/m2 40.4 ± 12.9

BP blood pressure, SD standard deviation, HR heart rate, LA left atrial

Time

BP (mmHg)

Fig. 1 A representative raw data regarding the patients with same
mean BP values but their variability was different. Nighttime systolic/
diastolic BP values in patient with higher variability (shown by solid
line with rhombus). Nighttime systolic/diastolic BP values in patient
with lower variability (shown by dashed line with triangle)

Table 3 Univariate correlation of LA volume index

LA volume index

Variables (n= 140) r P

Age 0.27 <0.01

Male −0.16 0.05

Hypertension 0.30 <0.0001

Diabetes mellitus 0.06 0.47

Dyslipidemia −0.07 0.40

Log BNP 0.48 <0.0001

eGFR −0.15 0.07

Left ventricular ejection fraction −0.05 0.57

E/e′ 0.35 <0.0001

Left ventricular mass index 0.38 <0.0001

Casual systolic BP 0.22 <0.01

Nighttime mean systolic BP 0.41 <0.0001

Nighttime systolic BP SD 0.28 <0.001

Casual diastolic BP 0.06 0.49

Nighttime mean diastolic BP 0.36 <0.0001

Nighttime diastolic BP SD 0.30 <0.001

Nighttime mean HR 0.10 0.24

LA left atrial, eGFR estimated glomerular filtration rate, BP blood
pressure, SD standard deviation, HR heart rate
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(r= 0.10, P= 0.45) in the subgroup of patients with per-
sistent AF. Table 4 shows the BP variables associated
with LA volume index by multiple regression analyses.
Nighttime mean systolic/diastolic BP and their variability
remained independently associated with LA volume index
after adjustment for age, sex, anti-hypertensive medication
class, and left ventricular mass index, while casual systolic/
diastolic BP was not (Model 1). Similar results were
observed in Model 2, which is an in Model 1 plus the timing
of antihypertensive medication, and Model 3, which is an in
Model 1 plus ejection fraction and E/e’.

The combination of nighttime BP and its variability
to predict LA volume index

When all patients were divided into four groups according
to mean nighttime BP values and their variability, the group
with higher mean nighttime BP (mean nighttime BP ≥ 120/
70 mmHg, which is based on the European Society of
Hypertension guideline 2013 [22], and higher nighttime BP
variability (SD ≥ 12.2/7.9 mmHg, which is based on the
previous study [11]) had significantly larger LA volume
index than the group with lower mean nighttime BP
(mean nighttime BP < 120/70 mmHg) and lower nighttime
BP variability (SD < 12.2/7.9 mmHg) (46.6 ± 13.5 ml/m2

vs. 35.0 ± 8.8 ml/m2, P < 0.0001, Fig. 2).

Other BP parameters and LA volume index

We do not have ABPM data and office BP was available
only in 78% of patients. On the other hand, since we rou-
tinely measure cardio-ankle vascular index (CAVI) to

assess the arterial stiffness, all patients have daytime BP
variables which were measured to calculate CAVI. Daytime
mean systolic and diastolic BP were 130 ± 15 and 84 ± 10
mmHg, respectively. Daytime mean systolic BP (r= 0.31,
P < 0.001) and daytime mean diastolic BP (r= 0.24,
P < 0.01) were significantly associated with LA volume
index. Multiple regression analysis indicated that daytime
mean systolic BP (β-coefficient= 0.27, P < 0.001) and
daytime mean diastolic BP (β-coefficient= 0.28, P < 0.001)
remained independently associated with LA volume index

Table 4 Multiple regression
analysis of left atrial volume
index

Model 1 Model 2 Model 3 Model 4 Model 5

β P β P β P β P β P

Casual systolic BP 0.14 0.07 0.15 0.06 0.11 0.16 0.14 0.08 0.15 <0.05

Nighttime mean systolic
BP

0.32 <0.0001 0.31 0.0001 0.31 <0.0001 0.32 0.0001 0.35 <0.0001

Nighttime systolic BP
SD

0.20 <0.01 0.18 <0.05 0.16 <0.05 0.20 <0.05 0.18 <0.05

Casual diastolic BP 0.14 0.07 0.16 0.06 0.14 0.07 0.14 0.08 0.10 0.19

Nighttime mean diastolic
BP

0.35 <0.0001 0.35 <0.0001 0.36 <0.0001 0.35 <0.0001 0.27 <0.001

Nighttime diastolic BP
SD

0.23 <0.01 0.22 <0.01 0.22 <0.01 0.23 <0.01 0.16 <0.05

Each row is a separate analysis

Model 1 adjusts for age, sex, anti-hypertensive medication class, and left ventricular mass index

Model 2 is as in model 1 plus the timing of antihypertensive medication

Model 3 is as in model 1 plus left ventricular ejection fraction and E/e′
Model 4 is as in model 1 plus cardio-ankle vascular index

Model 5 is as in model 1 plus the type of atrial fibrillation

β β-coefficient, BP blood pressure, SD standard deviation

higher nighttime BP
higher variability

higher nighttime BP
lower variability

lower nighttime BP 
lower variability

lower nighttime BP
higher variability

LAVI (ml/m2)
P < 0.0001 

P < 0.01 

P < 0.01 

Fig. 2 The combination of nighttime blood pressure (BP) and its
variability to predict left atrial volume index (LAVI). Group A: the
group with lower mean nighttime BP and lower nighttime BP varia-
bility Group B: the group with lower mean nighttime BP and higher
nighttime BP variability Group C: the group with higher mean
nighttime BP and lower nighttime BP variability Group D: the group
with higher nighttime BP variability and higher nighttime BP varia-
bility A) vs. D): P < 0.0001 B) vs. D): P < 0.01 C) vs. D): P < 0.01
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after adjustment for age, sex, anti-hypertensive medication
class, and left ventricular mass index.

Arterial stiffness and LA volume index

There was no significant association between CAVI data
(8.8 ± 1.2) and LA volume index (r= 0.15, P= 0.09).
Multiple regression analysis in which CAVI was included
in the same model indicated nighttime mean systolic/dia-
stolic BP and its variability remained independently asso-
ciated with LA volume index (Table 4, Model 4).

Effects of nighttime BP on left ventricular mass and
cardiac function

Nighttime mean systolic BP (β-coefficient= 0.34, P <
0.0001), and nighttime mean diastolic BP (β-coefficient=
0.17, P < 0.05) were significantly associated with left ven-
tricular mass index after adjustment for age, sex, anti-
hypertensive medication, whereas nighttime systolic BP SD
(β-coefficient= 0.11, P= 0.18) and nighttime diastolic BP
SD (β-coefficient= 0.15, P= 0.07) were not associated
with left ventricular mass index. As for diastolic function
(i.e., E/e′), only nighttime mean systolic BP was associated
with E/e′ (β-coefficient= 0.27, P < 0.01), whereas night-
time mean diastolic BP and BP variability were not asso-
ciated with E/e′. All of the BP variables were not associated
with ejection fraction.

Discussion

In the present study, we demonstrated that all of the
nighttime BP variables were significantly associated with
LA enlargement, which carries an increased stroke risk,
after adjustment for well-known risk factors. Moreover, the
combination of nighttime mean BP and its variability
improved such prediction. To the best of our knowledge,
this is the first study to demonstrate that nighttime mean
BP and marked fluctuations of BP during sleep are asso-
ciated with LA enlargement in patients with AF and pre-
served EF.

There is growing evidence that show the superiority of
nighttime BP over daytime BP in predicting the progression
of atherosclerosis, target organ damage, and cardiovascular
outcome [11–14, 16, 18] The Pressioni Alteriose Mon-
itorate e Loro Associazioni (PAMELA) study reported that
nighttime BP was superior to daytime BP in predicting all-
cause and cardiovascular mortality in the general population
[14]. Similar results were observed for hypertensive
patients, when both nighttime and daytime BP were entered
simultaneously into the model [12]. Hansen et al. reported
nighttime BP was a stronger predictor of cardiovascular

events and total mortality than daytime BP in hypertensive
patients as well as in individuals randomly selected from
multi-ethnic population studies [16]. Similarly, Iwata et al.
revealed that only nighttime systolic BP variability was
associated with the presence of large plaque in the aortic
arch, which is the risk factor for cerebral infarction, in the
general population [13]. Several studies reported that
nighttime BP variability, rather than daytime BP variability,
was associated with cardiac events [18], and both all-cause
and cardiovascular mortality [11]. The mechanisms under-
lying these evidence remain poorly understood. However,
there are considerable mechanisms that could explain the
impact of nighttime BP over daytime BP. Nighttime BP is
less affected by confounding factors such as mental and
physical stress, which may trigger neuroendocrine activa-
tion and sympathetic stimulation; therefore, nighttime BP
may reflect the patient’s intrinsic BP characteristics than
daytime BP.

In our study, higher nighttime systolic/diastolic BP was
significantly associated with LA enlargement. This finding
is consistent with previous studies showing the importance
of arterial hypertension in predicting LA enlargement [10,
23]. Tsioufis et al. reported that office systolic BP was
associated with LA dimension in patients with hypertension
and normal sinus rhythm [24]. Similarly, Cuspidi et al.
showed that mean nighttime systolic BP correlated with LA
dimension in individuals with hypertension who were in
sinus rhythm [25]. In addition, Doménech et al. revealed
that nocturnal systolic/diastolic BP was an independent
predictor of LA dimension in patients with non-valvular AF
[26]. However, these studies were based on conventional
LA dimensional assessment and did not provide detailed
information on LA volume, which is a better predictor of
cardiovascular outcomes [27]. Moreover, few studies have
explored the effect of BP variability on LA enlargement.
Furthermore, previous studies primarily focused on patients
with sinus rhythm, and few studies to date have evaluated
patients with AF.

In our study, higher nighttime systolic/diastolic varia-
bility was significantly associated with LA enlargement.
These findings are consistent with those of previous studies
showing the importance of BP variability in predicting LA
enlargement [28, 29]. Cipollini et al. reported that 24-h BP
variability was associated with LA dimension after adjust-
ment for considerable cofounders in newly diagnosed
hypertension with normal sinus rhythm [28]. Similarly,
Tadic et al. reported that nighttime BP variability was
associated with LA volume in patients with hypertension
who were in sinus rhythm [29]. However, no studies to date
have explored the impact of BP variability on LA volume
index in patients with AF.

Our study revealed that mean nighttime systolic/diastolic
BP and marked fluctuations during sleep are associated

618 N. Norioka et al.



with LA volume in patients with AF and preserved EF.
Considering our results, we speculated that higher nighttime
BP and its variability play an important role in the pro-
gression of LA enlargement and subsequent stroke in
patients with AF and preserved EF. The mechanisms
underlying our findings remain poorly understood. There
are, however, two considerable mechanisms that could
explain the impact of BP variability on LA enlargement.
First, BP variability itself may have a direct effect on LA
enlargement. Exaggerated BP variability was proven to be
associated with activation of cardiac angiotensin II, which
leads to LA remodeling through its ability to promote LA
fibrosis [30, 31]. Similarly, Tadic et al. reported that BP
variability itself is associated with LA enlargement inde-
pendent of BP level and left ventricular diastolic function in
patients with sinus rhythm [29]. Moreover, Cipollini et al.
reported that LA enlargement without left ventricular
hypertrophy is an early alteration in patients with sinus
rhythm showing exaggerated BP fluctuation, because the
thin LA wall, rather than left ventricular wall, is subject to
BP variability [28]. Second, since increased BP variability
contributes, independently of BP level, to the development
of left ventricular hypertrophy through mechanosensitive
pathway (p125 focal adhesion kinase and p38 mitogen-
activated protein kinase) or autocrine pathway (local cardiac
renin and transforming growth factor-β1) [32], increased
left ventricular stiffness, even within the normal limits of
wall thickness, may indirectly affect the adaptive process of
the LA (i.e. LA enlargement) in patients with higher
nighttime BP variability [32–34].

Previous studies reported that arterial stiffness, which
increases left ventricular filling pressure and LA pressure,
was also determinant of LA size [35, 36]. However,
adding CAVI as the index of arterial stiffness to the
model did not significantly affect the results of multiple
regression analysis. These results suggest that nighttime BP
variables have a stronger association with LA volume index
than arterial stiffness.

Although some previous studies, including European
Society of Hypertension positon paper [37], reported the
acceptable accuracy of automated BP measurement
including the proportion of reading error, the variability of
BP, and the repeatability coefficients in AF patients
[26, 38], we need to take into account some limitations.
First, because the R–R interval in each cardiac cycle is
associated with ventricular filling time, stroke volume, and,
thereby, BP in patients with AF [39], repeated measure-
ments are necessary to improve the accuracy. Second,
because automated diastolic BP measurement in patients
with AF is reported to be slightly higher than that obtained
with the manual measurement or in patients with sinus
rhythm [40], careful consideration is necessary to interpret
diastolic BP variables.

Limitations

Our study has several limitations. First, because we used
cross-sectional data, we could not evaluate the causal rela-
tionship between BP variables and LA enlargement. Pro-
spective studies would be necessary to assess whether BP
variables indeed predict LA enlargement in patients with
AF and preserved EF. Second, although some previous
studies, including European Society of Hypertension posi-
tion paper [37], reported the possible value of automated
BP measurement in AF patients [26, 38], the accuracy of
automated BP measuring device is less optimal in the set-
ting of AF and this may affect the result. Third, although we
focused only on nighttime BP variables, 24-h ambulatory
BP assessments, which we lack in this study, may be better
to assess BP variability. Forth, although we adjusted for the
most pertinent variables that may affect LA enlargement,
some confounding factors may have been incompletely
adjusted for. Fifth, although we selected the first night of
hospitalization for nighttime BP assessment to avoid the
impact of preoperative assessment such as enhanced com-
puted tomography with contrast medium or transesophageal
echocardiography which was performed under sedation, the
level of anxiety, which is highest on the first night of hos-
pitalization, may have induced an increase in the BP
variability and thus a bias of the data.

In conclusion, higher nighttime BP and its variability are
independently associated with LA enlargement, which car-
ries a greater risk of ischemic stroke in patients with AF and
preserved EF. Moreover, the combination of nighttime BP
and its variability had additional predictive value for LA
enlargement. These findings support the hypothesis that
intensive intervention for these high-risk patients may avoid
or delay progression of LA enlargement and consequently
reduce the risk of subsequent stroke.
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