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Abstract

Background: The ambulatory arterial stiffness index (AASI) is an indirect measure of

blood pressure variability and arterial stiffness which are atrial fibrillation (AF) risk

factors. The relationship between AASI and AF development has not been

previously investigated and was the primary aim of this study.

Methods: This was an observational cohort study of adults (aged 18–85 years) in

sinus rhythm, who underwent 24‐h ambulatory blood pressure monitoring (ABPM)

for the diagnosis of hypertension or its control.

Results: Eight hundred and twenty‐one patients (49% men) aged 58.7 ± 15.3 years

were followed up for a median of 4.0 years (3317 patient‐years). In total, 75 patients

(9.1%) developed ≥1 AF episode during follow‐up. The mean AASI was 0.46 ± 0.17

(median 0.46). AASI values (0.52 ± 0.16 vs. 0.45 ± 0.17; p < .001) and the proportion

of AASI values above the median (65.3% vs. 48.4%; p = .005) were greater among the

patients who developed AF versus those that did not respectively. AASI significantly

correlated with age (r = .49; 95% confidence interval: 0.44–0.54: p < .001). On

Kaplan–Meier analysis, higher baseline AASI by median, tertiles, and quartiles were

all significantly associated with AF development (X2: 10.13; p < .001). On Cox

regression analyses, both a 1‐standard deviation increase and AASI > median were

independent predictors of AF, but this relationship was no longer significant when

age was included in the model.

Conclusions: AASI is an independent predictor of AF development. However, this

relationship becomes insignificant after adjustment for age which is higher

correlated with AASI.
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1 | INTRODUCTION

The societal burden of atrial fibrillation (AF) is huge. It is by far the most

common sustained tachyarrhythmia encountered in clinical practice and

affects up to one in four adults >40 years and one in three adults aged

>55 years during their lifetime.1,2 The prevalence of AF continues to

dramatically increase and is primarily related to an aging population and

the increasing societal burden of adults with AF‐predisposing comorbid-

ities (e.g., obesity, hypertension, heart failure, etc.).3

The clinical consequences of AF are potentially significant. AF

adversely affects quality of life and it is one of the strongest independent

risk factors for ischemic stroke and heart failure.4,5 Consequently, there is

a compelling clinical need to identify patients at increased AF risk to

reduce its potential adverse clinical sequelae.

The ambulatory arterial stiffness index (AASI) has emerged as an

increasingly appreciated marker of cardiovascular risk.6 Increasing AASI

has been independently linked to an increased risk of major adverse

cardiovascular and all‐cause mortality.6,7 AASI is unique as an ambulatory

cardiovascular risk marker as it is an indirect measure of both arterial

stiffness8,9 and blood pressure variability.10,11 Increasing arterial stiffness

is strongly associated with both new‐onset AF and its recurrence.12

Arterial stiffness leads to increased left ventricular afterload and

associated hypertrophy, left atrial dilatation, neurohormonal activation

and a pro‐inflammatory response that are all linked to AF development.12

Increased blood pressure variability has also been linked to incident AF

and is thought to reflect autonomic imbalance and the alterations in

ventricular afterload and arterial shear stress which again may active

similar pathways to that of increased arterial stiffness.13,14

Data from cohort studies have consistently shown a strong

and independent link between increasing AASI and risk of

ischemic stroke.15 In hypertensive diabetic patients, AASI is

associated with impaired left atrial function which is independent

of left ventricular diastolic dysfunction, supporting its pathophy-

siological links to AF development.16 Despite this, the relation-

ship between AASI and incident AF has not been investigated. In

this study, we hypothesized that increased AASI would be

independently associated with incident AF among a group of

adults in sinus rhythm.

2 | METHODS

2.1 | Study population and design

This was an observational study that was conducted at two adjacent

(Poole and Royal Bournemouth) Hospitals. Our cohort consisted of

adults aged 18–85 years who underwent 24‐h ambulatory blood

pressure monitoring (ABPM) for the diagnosis of hypertension, or its

control. Patients with previous organ transplantation, persistent/

permanent AF, stage IV or V chronic kidney disease, pregnancy or

with active cancer were excluded. Patients with severe aortic

stenosis, aortic coarctation, active infection, or vasculitis were also

excluded.

2.2 | Twenty‐four‐hour ambulatory blood pressure
and AASI measurement

All tests were done using an automatic ABPM device (Spacelab

90207, Spacelab Healthcare). An automated oscillometric cuff was

placed on the nondominant arm. Blood pressure measurements were

set to 30min intervals throughout a 24‐h recording period. The

nighttime period was defined as the hours of 22:01 to 06:00 h and

the daytime period as 06:01 to 22:00 h. Patients were only included if

they had a minimum of 10 daytime and 5 nighttime ambulatory blood

pressure measures during the 24 h recording period as previously

described.17,18 Patients were advised not to use ABPM during

periods of night shift work. The presence of sinus rhythm was

confirmed on a 12‐lead ECG or cardiac device check before the

ABPM being performed. The AASI was calculated, as previously

defined,19 as 1‐minus the regression slope of the diastolic to systolic

blood pressure over the 24 h recording period. The full data for all the

24‐h ABPMs were stored on TOMCAT (Philips CVIS Healthcare)

reporting software.

2.3 | Blood tests

Venous blood for the measurement of full blood count and renal

function were performed in local National Health Service

laboratories.

2.4 | Outcome and AF diagnosis

The primary outcome was a diagnosis of AF. The diagnosis was based

on AF confirmation on a 12‐lead ECG or from ambulatory ECG or

cardiac rhythm strip of >30 s duration. All patient health records were

examined for the duration of follow up. Clinical information, including

for the diagnosis of AF and confirmation of patient deaths, were

obtained using the Dorset Primary Care and NHS Electronic Patient

Records.

2.5 | Ethical approval

This study and its experimental protocol were approved by the

Poole Hospital Clinical Research and Innovation Department and

the West of Scotland Research Ethics Committee (REC reference:

20/WS/0097). As this was a registry cohort study the need for

written informed consent was deemed not to be necessary by the

ethics committee.

2.6 | Statistical analysis

Statistical analyses were performed with SPSS 26.0 (SPSS) and

GraphPad Prism version 6.07 for Windows (GraphPad Software).
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Identification of normality of continuous data was undertaken

using data inspection and frequency histograms and the

D'Agostino‐Pearson normality test. Continuous data were pre-

sented as mean ± standard deviations (SDs) and median (inter-

quartile range) for normally distributed and non‐normally distrib-

uted data, respectively. Two group comparisons of continuous

data were performed using an unpaired t test and Mann–Whitney

U tests for normal and non‐normally distributed data, respec-

tively. Categorical data were examined using Fisher's exact tests

and chi‐squared tests with a relative risk (95% confidence

intervals [CIs]) as appropriate. Correlations were examined using

the Pearson and Spearman coefficients (95% CI) for normally and

skewed data, respectively.

We performed Kaplan–Meier time‐to‐events analyses to

examine the risk of incident AF based on higher categorical AASI

values based on the median, tertiles and AASI quartiles. The

independent association between a 1‐SD increase and higher

(>median) AASI was undertaken using Cox regression with

adjustment for patient age, sex, previous AF history, history of

hypertension and 24‐h diastolic blood pressure with results

reported as hazard ratios (HR; 95% CI). Sensitivity analyses were

also performed to assess the robustness of the final model by

examining the influence of categorical age (>median vs. ≤median)

and separately with only the inclusion of patients excluding

without a history of previous AF. A two‐sided p value of <.05 was

considered significant for all comparisons.

TABLE 1 Baseline demographics and clinical characteristics of the total cohort and patients with and without new‐onset atrial
fibrillation (AF).

Characteristic Full cohort No AF AF p Value

Number 821 746 75

Men 398 (48.5%) 353 (47.3%) 45 (60.0%) .040

Age, years 58.74 ± 15.29 57.8 ± 15.3 68.8 ± 11.34 <.001

Caucasian 794 (96.7%) 719 (96.40%) 75 (100%) .163

Height, cm 168.9 ± 10.6 168.7 ± 10.5 171.2 ± 11.23 .055

Body mass, kg/m2 81.7 ± 19.31 81.2 ± 18.9 87.3 ± 22.8 .009

Body mass index, kg/m2 28.6 ± 5.96 28.5 ± 5.86 29.7 ± 6.79 .086

Hypertension 521 (63.5%) 465 (62.3%) 56 (74.7%) .043

Ischemic heart disease 164 (20.0%) 144 (19.3%) 20 (26.7%) .131

Diabetes mellitus 128 (15.6%) 107 (14.3%) 21 (28.0%) .004

Previous history of AF 51 (6.2%) 33 (4.4%) 18 (24.0%) <.001

Previous stroke or TIA 63 (7.67%) 51 (6.85%) 12 (16.0%) .010

Heart failure 38 (4.14%) 27 (3.62%) 11 (14.7%) <.001

Current smoker 151 (18.4%) 139 (18.6%) 11 (14.7%) .277

Medication

ACE‐I/ARB 440 (53.6%) 395 (52.9%) 45 (62.7%) .275

Calcium channel blocker 293 (35.7%) 261 (35.0%) 32 (39.9%) .206

Beta‐blockers 264 (32.2%) 226 (30.3%) 38 (50.7%) <.001

Diuretics 149 (18.1%) 124 (16.6%) 25 (33.3%) <.001

Alpha‐blockers 97 (11.8%) 82 (11.0%) 15 (20.0%) .036

Statins 314 (38.4%) 281 (37.7%) 33 (44.0%) .319

Aldosterone antagonists 35 (3.82%) 30 (4.02%) 5 (6.67%) .241

Left ventricular ejection fraction, % 58.9 ± 7.54 59.3 ± 7.12 56.1 ± 10.1 <.001

Hemoglobin, g/L 139.2 ± 15.4 139.3 ± 15.3 138.1 ± 15.6 .547

White cell count 7.33 ± 2.13 7.32 ± 2.12 7.38 ± 2.25 .815

Estimated GFR, mL/min/1.73m2 70.9 ± 16.5 70.7 ± 16.4 66.97 ± 19.3 .048

Note: Categorical data are presented as numbers (%); p values refer to the difference between the patients with and without AF development during follow‐up.

Abbreviations: ACE‐I angiotensin‐converting enzyme inhibitor; ARB, angiotensin II receptor blocker; GFR, glomerular filtration rate; TIA, transient ischemic attack.
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2.7 | Sample size and power calculation

This was performed using a proprietary sample‐size calculator (GraphPad

StatMate version 2.00 for Windows). There have been previous studies

that have examined the relationship between AASI using 24‐h ABPM and

AF. However, in previously published study Matsumoto et al examined

769 older adults and identified a significant relationship between 24‐h

(adjusted HR of 1.24 per 10mmHg) and new‐onset AF which affected

10.8% of their cohort (83/769).20 Our sample size of >769 patients was

based on this publication and assuming a similar HR for AASI and

incident AF.

3 | RESULTS

3.1 | Baseline demographics

A total of 821 patients who were aged 58.7 ± 15.3 (range 18–85)

years were included; 49% were men and 97% were Caucasian.

Hypertension (63.8%) was the commonest cardiac risk factor

with 51 (6.2%) patents identified as having a previous history of AF.

Fifteen patients had a cardiac device (pacemaker, implantable cardiac

defibrillator, or loop recorder [ILR]).

3.2 | Relationship between AASI and patient
characteristics

There was an average of 27.1 ± 4.7 24‐h ABPM readings per patient.

The mean AASI was 0.46 ± 0.17 with a median of 0.46. Patients with

an AASI above the median (n = 410) versus ≤median (n = 411) were

significantly older (65.1 ± 12.9 vs. 52.4 ± 14.9 years; p < .001), more

likely to have a history of hypertension (287/410 vs. 234/411;

p < .001), previous stroke/TIA (43/410 vs. 20/411; p = .003) and

were less likely to be men (183/410 vs. 215/411; p = .030).

3.3 | Relationship between patient characteristics
and AF

The median follow‐up was 4.0 (range: 1–6.4) years. During 3317

patients‐years of follow‐up, 75 patients (9.1%) developed one or

TABLE 2 Baseline demographics and 24‐h ambulatory blood pressure readings of the full cohort and those with and without new‐onset
atrial fibrillation (AF).

Characteristic Full cohort No AF New‐onset AF p Value

24‐h ABPM readings

Number of readings 27.1 ± 4.74 27.1 ± 4.79 26.5 ± 4.20 .296

Systolic blood pressure, mmHg 132.7 ± 15.3 132.4 ± 15.8 134.1 ± 15.2 .379

Diastolic blood pressure, mmHg 76.4 ± 10.1 76.8 ± 10.0 72.5 ± 10.3 <.001

Heart rate 7067 ± 11.4 70.9 ± 11.3 67.2 ± 11.8 .007

Mean arterial pressure, mmHg 95.8 ± 10.2 95.9 ± 10.2 94.3 ± 10.0 .183

Ambulatory arterial stiffness index 0.46 ± 0.17 0.45 ± 0.17 0.52 ± 0.16 <.001

Daytime ABPM readings

Systolic blood pressure, mmHg 136.8 ± 16.0 136.7 ± 15.6 137.0 ± 15.7 .885

Diastolic blood pressure, mmHg 69.6 ± 10.6 80.1 ± 10.5 74.9 ± 10.8 <.0001

Mean arterial blood pressure, mmHg 99.1 ± 10.6 99.30 ± 10.60 96.7 ± 10.4 .045

Heart rate 73.1 ± 12.4 73.5 ± 12.4 69.0 ± 11.9 .003

Nighttime ABPM readings

Systolic blood pressure, mmHg 123.0 ± 15.9 122.4 ± 18.5 128.7 ± 18.7 .005

Diastolic blood pressure, mmHg 69.0 ± 10.3 69.1 ± 10.2 68.5 ± 11.1 .641

Mean arterial blood pressure, mmHg 88.1 ± 11.5 87.9 ± 11.4 90.0 ± 12.0 .133

Heart rate 65.1 ± 10.9 65.3 ± 10.8 63.5 ± 12.3 .188

Systolic dipping, % 10.2 (4.51–15.57) 10.7 (4.94–15.97) 7.07 (1.2–12.6) <.001

Diastolic dipping, % 13.6 (7.53–19.55) 13.9 (7.98–19.94) 10.6 (2.09–15.5) <.001

Mean arterial pressure dipping, % 11.3 (5.60–16.86) 11.7 (5.99–17.27 7.45 (0.30–14.1) <.001

Note: p values refer to the difference between the patients with and without AF development during follow‐up.

Abbreviation: ABPM, ambulatory blood pressure monitor.
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more episodes of AF. AF patients were older, had greater body mass,

were more likely to have a history of hypertension, diabetes mellitus,

previous stroke, or heart failure compared with those without AF

development (Table 1). Patients who developed AF were more likely

to be treated with a beta‐blocker, diuretic, or alpha‐blocker and had a

lower baseline estimated glomerular filtration rate and left ventricular

ejection fraction.

3.4 | AASI, ambulatory blood pressure, and AF

AASI was significantly higher and 24‐h diastolic blood pressure and

heart rate were lower among the patients with incident AF versus

those without. There was also a greater proportion of patients with a

higher AASI (>median 0.46) versus lower AASI in the incident AF

compared with the non‐AF groups (49/75 vs. 361/746; RR: 1.89;

95% CI: 1.20–3.0; p = .005). Daytime diastolic blood pressure, mean

arterial pressure, and heart rate were lower among the AF versus

non‐AF patients (Table 2). Nighttime systolic blood pressure was

higher, and there was greater systolic, diastolic, and mean

arterial blood pressure dipping among the AF versus non‐AF

patients.

3.5 | Outcome analyses

On Kaplan–Meier analysis higher categorical AASI based on median

(>0.46), tertiles (<0.33 1st, 0.34–0.53 2nd, >0.53 3rd) and AASI

quartiles (<0.35 1st, 0.34–0.46 2nd, 0.47–0.57 3rd, >0.57 4th) AASI

were all associated with a significantly higher risk of incident AF

(Figures 1 and 2). On Cox regression analyses, a 1‐SD increase in

AASI was a univariate predictor of future AF. On multivariate Cox

regression analyses AASI (HR: 1.42; 95% CI: 1.11–1.82: p = .006), age,

a previous history of AF, and male sex were independent predictors

of incident AF (Table 3). However, following the inclusion of age into

the model (along with sex, AF, history of hypertension, and diastolic

blood pressure), the only independent predictors of AASI were age,

male sex, previous AF, and no longer AASI (Table 3). Further Cox

regression analyses using categorical AASI (above vs. ≤median) and

similar covariate adjustments revealed similar results, with the

independent prediction of higher AASI and AF being no longer

significant after age (Table 3).

Sensitivity Cox regression analyses were performed to examine the

effects of higher AASI based on tertiles and quartiles on the outcome of

AF. This did not mitigate the neutralizing effect of age. We also examined

the impact of only including the 770 patients without a previous AF

history for a 1‐SD increase in AASI and dichotomous AASI was similar

with no significant and independent relationship between AASI and AF

after age adjustment with the multivariable model.

4 | DISCUSSION

This is the first study to investigate the relationship between

AASI measured, using 24‐h ABPM, and AF. AASI was significantly

higher among patients who subsequently developed AF versus

F IGURE 1 Kaplan–Meier graph showing AF event rate in patients with AASI above versus ≤median value of 0.46. AASI, ambulatory arterial
stiffness index; AF, atrial fibrillation.
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those who remained in persistent sinus rhythm. On multivariable

Cox regression analysis, increased and higher AASI were

independent predictors of AF, but its significance was lost

after adjustment for age, which was highly correlated with

AASI.

AASI is emerging as a useful cardiovascular risk marker.

Although the manual calculation of AASI can take several

minutes, automated AASI results are now provided as part of

24‐h ABPM reporting software of several ABPM companies,

including Spacelabs, used in this study. In our study, AASI was

F IGURE 2 (A) Kaplan–Meier graph showing AF event rate in by AASI tertiles. (B) Kaplan–Meier graph showing AF event rate in by AASI
quartiles. AASI, ambulatory arterial stiffness index; AF, atrial fibrillation.

6 of 9 | BOOS ET AL.
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significantly higher among the patients who developed AF

compared with those who did not. The strength of this

relationship was enhanced given that the proportion of patients

who developed AF was highest for each of the upper quantile,

tertile, and quartile of AASI, with evidence of an ordinal effect. In

a very recently published study of 8399 adults, it was shown that

higher visit‐to‐visit systolic and diastolic blood pressure variabil-

ity were both independently linked to incident AF.14 In another

recent study of 769 adults Matsumoto et al. also demonstrated a

significant relationship between 24‐h ABPM‐derived systolic and

diastolic blood pressure variability and incident AF. In their study,

the adjusted RR for incident AF per each 1‐SD increase in systolic

blood pressure was 1.24 (95% CI: 1.11–1.37), and for diastolic

blood pressure, was 1.30 (95% CI: 1.14–1.48). Furthermore, they

observed that participants with the highest quartile of “both”

systolic and diastolic blood pressure variability had the highest

risk of incident AF, which is also supported by our data. AASI

calculation itself reflects the linear relationship between diastolic

and systolic blood pressure. Greater the variability in systolic

blood pressure, diastolic blood pressure, or both would lead to a

lower diastolic‐systolic regression slope and a greater AASI given

its calculation as 1‐minus the diastolic‐systolic blood pressure

regression slope.

ABPM is generally considered to be the gold standard test for

the diagnosis of hypertension and has been shown to be a

stronger prognostic indicator of both future AF and cardiovascu-

lar events compared to home or office blood pressure.21

Although AASI can be calculated using visit‐to‐visit blood

pressure, its invention and prognostic value have been predomi-

nantly based using ABPM as used in our study. Moreover, unlike

visit‐to‐visit blood pressure, ABPM addresses the influence of

nocturnal blood pressure and its diastolic‐to‐systolic relationship

and lessens the potential “white coat effects” of clinical visits on

blood pressure indices. This is of major importance given that

ABPM has been shown to be superior to both central and office

blood pressure variability for AF prediction, supporting the

premise for our study.20

In our study, we found that AASI was significantly higher

amongst the patients with previous AF; this is a novel finding and

strengthens our hypothesized AASI‐AF relationship. It has well‐

established that previous AF is one of the strongest risk markers for

future AF development which is enshrined in the ‘AF‐Begets AF’

doctrine.22 Among the covariates examined, we noted that age,

previous AF and male sex were the only variables that were

independently associated with incident AF in our fully adjusted Cox

regression model. Indeed, age and male sex are two of the most

consistently represented AF risk factors used in well‐validated AF

prediction calculators.23,24 The consistency and scale of the mitigat-

ing effect of age on the AASI‐AF relationship is interesting and raises

the question as to whether age is in itself a confounder in the AASI

TABLE 3 Relationship between AASI and covariates to Incident atrial fibrillation (AF) development.

Univariable model Multivariable model 1 Multivariable model 2
Unadjusted hazard
ratio (95% CI) p Value

Adjusted hazard ratio
(995% CI) p Value

Adjusted Hazard ratio
(95% CI) p Value

1‐SD increase in AASI

Male sex 1.60 (1.01–2.55) .046 1.72 (1.07–2.74) .024 1.71 (1.07–2.72) .025

Hypertension 1.75 (1.03–2.98) .039 1.50 (0.88–2.56) .140 1.26 (0.73–2.16) .404

Previous AF 5.44 (3.20–9.26) <.001 4.19 (2.44–7.19) <.001 3.74 (2.17–6.44) <.001

1‐SD increase in AASI 1.55 (1.24–1.95) <.001 1.42 (1.11–1.82) .006 1.12 (0.85–1.49) .421

Diastolic blood
pressure (mmHg)

0.96 (0.94–0.98) <.001 0.97 (0.95–0.99) .018 0.99 (0.96–1.01) .311

Age (years) 1.07 (1.04–1.09) <.001 1.05 (1.03–1.08) <.001

Categorical AASI (above vs. ≤median)

Male sex ‐ ‐ 1.70 (1.06–2.70) .027 1.69 (1.06–2.70) .027

Hypertension ‐ ‐ 1.53 (0.89–2.61) .121 1.27 (0.74–2.17) .393

Previous AF ‐ ‐ 4.17 (2.42–7.16) <.001 3.77 (2.19–6.50) <.001

Higher AASI 2.15 (1.33–3.48) .002 1.69 (1.03–2.79) .040 1.06 (0.62–1.80) .837

Diastolic blood
pressure (mmHg)

0.97 (0.94–0.99) .009 0.99 (0.96–1.01) .285

Age (years) 1.06 (1.03–1.08) <.001

Note: In model 1, the covariate adjustments were sex, history of hypertension, previous AF, AASI, and diastolic blood pressure; model 2 included model 1
plus additional adjustment for age.

Abbreviation: AASI, ambulatory arterial stiffness index.

BOOS ET AL. | 7 of 9
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relationship. Age has been consistently shown to strongly correlate

with AASI, and this relationship was again supported by our data. Age

is also strongly correlated and causally related to AF development.25

This makes the interpretation of our age‐adjusted Cox‐multivariable

regression model quite challenging. It would appear that AASI acts as

a mediator in the causal pathways between age and AF. The strong

influence of age in the AASI‐AF relationship persisted even with the

use of age as categorical variable and also the inclusion of only AF

naïve patients.

This study has a number of limitations that need to be

acknowledged. First, the sample size was modest but was powered

based on a previous publication.20 With this sample size and

75 patients developing incident AF (9.1%) during our follow‐up

period, the number of independent variables that we could

interrogate in our regression model was limited. Second, the

definition of AF was based on its confirmed presence on a 12‐lead

ECG or cardiac rhythm strip conducted as part of routine clinical

practice. Serial ECGs or ambulatory cardiac monitoring were not

mandatory requirements for our study. Hence, the true incidence of

new AF development post‐ABPM monitoring is likely to be higher

than that reported. However, this is unlikely to have altered our

results and as the vast majority of AF events were clinically driven

(worsening symptoms and/or hospitalization triggering the need for

an ECG or cardiac monitor) and important. We did not adjust for

ethnicity as >97% of our total cohort and all of the incident AF cases

were Caucasian. Finally, we did not examine the relationship between

AASI to AF‐related adverse events (e.g., stroke, hospitalization, or

heart failure), which is more clinically meaningful and will be the

subject of future work.

5 | CONCLUSIONS

In summary, in this study, we examined the relationship between

24‐h ABPM and incident AF. Both a 1‐SD increase and higher AASI

were significantly associated with incident AF. This association was

independent of sex, diastolic blood pressure, hypertension history,

and history of AF. However, its significance was lost after adjusting

for age. Further, larger studies are required to explore the

relationship between AASI and adverse AF‐related clinical events.
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