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A B S T R A C T

Background: An association between increased aortic root dimensions (ARD) and elevated risk of
cardiovascular mortality has been reported in the general population. However, evidence
regarding the association between ARD and mortality in patients with acute heart failure (AHF) is
limited.
Methods: In a nationwide prospective cohort of the China Patient-Centered Evaluative Assessment
of Cardiac Events Prospective Heart Failure Study, ARD was measured during diastole using
echocardiography and indexed to body mass index (BMI). Cox proportional hazard models were
used to validate the association between BMI-indexed ARD and mortality. Additionally, the
relationship between BMI-indexed ARD and mortality was presented using restricted cubic spline
in all populations, and both sexes.
Results: A total of 2125 participants with ARD were included in the final analysis, among of 38.4
% were women, with a median age of 67 years. Over a median follow-up period of 54.4 (inter-
quartile range: 30.1 to 59.7) months, 895 deaths occurred, with 750 attributed to cardiovascular
causes and 145 to non-cardiovascular causes. Compared to the highest tertile group of BMI-
indexed ARD, the lowest tertile group had a lower risk of cardiovascular mortality (hazard
ratio [HR], 0.71; 95 % confidence interval [CI], 0.58 to 0.87; P < 0.001) and all-cause mortality
(HR, 0.68; 95 % CI, 0.56 to 0.81; P < 0.001). Similarly, the middle tertile group also had a lower
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risk of cardiovascular mortality (HR, 0.78; 95 % CI, 0.65 to 0.93; P = 0.007) and all-cause
mortality (HR, 0.75; 95 % CI, 0.63 to 0.89; P < 0.001). Considering the competing risks, the
lowest BMI-indexed ARD groups showed a significant mortality risk of cardiovascular mortality in
all populations, and both sexes. Moreover, the relationship between BMI-indexed ARD and
mortality was linear in males, while a “J” shaped relationship was observed in females.
Conclusion: Lower BMI-indexed ARD was associated with a decreased risk of all-cause and car-
diovascular mortality than those with higher BMI-indexed ARD in AHF. Additionally, a
discrepancy was observed between the sexes in the relationship between BMI-indexed ARD and
mortality. These findings contribute to the prompt identification of potential mortality risks in
patients with AHF.

1. Introduction

The aorta is the largest artery in the human body and plays a critical role as a conduit for controlling the systemic vascular
resistance and heart rate. Additionally, its elasticity additionally acts as a ‘secondary pump’ during diastole [1,2]. Aortic root dilation is
a common clinical condition often influenced by comorbidities and age [1,3]. Although typically asymptomatic, studies indicate that
increased aortic root dimension (ARD) not only increases the risk of aortic diseases such as dissection and aneurysm rupture but also
increases the risk of cardiovascular diseases and mortality within the general population [2,4–7]. While research on the association
between ARD and mortality risk is relatively scarce, existing longitudinal studies have suggested a correlation between ARD, car-
diovascular disease, and mortality risk in the general population [8–11]. However, in populations with acute heart failure (AHF),
which commonly present with comorbidities such as coronary heart disease and hypertension, there is often a higher risk of read-
mission and mortality. To the best of our knowledge, few studies have explored the association between ARD and
cardiovascular-related outcomes in patients with AHF.

The differences in ARD between sexes were significant but unrelated to race [3,12,13]. ARD is smaller in women than men, with a
lower incidence but faster growth rates of thoracic aortic aneurysms, which have a more severe impact on women [12,14]. Surgical
outcomes in women are worse, with a higher surgical mortality rate than in men [6,15]. Additionally, women might experience a
higher risk of cardiovascular death and stroke than men accompanying the dilation of ARD. Conversely, in AHF cohorts, the risk of
death was lower in women [16]. Therefore, it remains to be verified whether discrepancies exist between the sexes in AHF.

Therefore, the objectives of our study were (1) to validate the correlation between ARD and mortality in AHF and (2) to explore
whether there are sex discrepancies in the correlations between ARD and mortality.

2. Methods

2.1. Study design and population

The China Patient-Centered Evaluative Assessment of Cardiac Events Prospective Heart Failure Study (China PEACE 5p-HF Study)
is a nationwide, prospective, multicenter cohort study initiated by Fuwai Hospital that focuses on AHF. The study protocol has been
previously documented [17]. AHF patients were recruited from 52 hospitals across 20 provinces in China between August 2016 and
May 2018. Diagnosis and treatment were conducted by local physicians according to the Chinese Heart Failure Clinical Guidelines,
which are consistent with the guidelines of the European Society of Cardiology and the American College of Cardiology/American
Heart Association [18]. New-onset AHF was defined as the first diagnosis of AHF with the first manifestation of HF, and acute
decompensated heart failure was defined as the acute decompensation of chronic HF that had previously been diagnosed. Eligible
patients aged 18 and above experiencing new onset or acute decompensated heart failure (ADHF) provided written informed consent
for participation. Follow-up assessments were scheduled at 1, 6, and 12 months after discharge, with subsequent annual assessments.
This study was approved by the Ethics Committee of Fuwai Hospital, with ethics approval reference 2016-770. All the participants
signed an informed consent form in accordance with the principles outlined in the Declaration of Helsinki. This study was registered at
www.clinicaltrials.gov (NCT02878811).

2.2. Data collection and definition

During hospitalization, demographic information, including age and sex, was gathered through face-to-face interviews utilizing
standardized questionnaires. Medical history, medications upon admission, and clinical baseline characteristics were extracted from
hospital electronic medical records. Heart failure phenotypes were classified according to international guidelines. The Kansas City
Cardiomyopathy Questionnaire-12 (KCCQ-12) was completed within 48 h of admission to assess health status. The KCCQ-12 scores
range from 0 to 100, with lower scores indicating poorer health status [19].

Transthoracic echocardiography was conducted by experienced operators at local hospitals, all of whom had undergone stan-
dardized training to ensure consistency among participants before patient enrollment. When measuring the dimension of the aortic
root, the parasternal long-axis view was employed, and the dimension of the sinuses of Valsalva were measured during diastole [20,
21]. Measurements were taken perpendicular to the vessel wall from the intima to the opposite intima. Aortic root dilation was defined
as a dimension exceeding 40 mm [1,2].
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2.3. Inclusion and exclusion criteria

The inclusion criterion was the availability of ARD. The exclusion criteria were: (1) valve replacement surgery, including surgical or
transcatheter replacement, and (2) cases with undefined causes of death.

2.4. Outcome

The primary endpoint of this study was all-cause mortality, which included both cardiovascular and non-cardiovascular mortality.
Cardiovascular mortality encompasses fatalities attributed to various conditions, such as AHF, sudden cardiac death, acute coronary
syndromes, cerebrovascular events, peripheral arterial disease, aortic vascular diseases, pulmonary heart disease, and other cardio-
vascular causes. Death events were documented through death certificates, interviews with the patient’s relatives, or information
sourced from national mortality databases. The causes of death were adjudicated by the National Coordinating Center based on pre-
established documentation criteria.

2.5. Statistical analysis

Continuous variables were expressed as mean ± standard deviation or median (interquartile range), while categorical variables
were presented as counts and percentages. We used t-tests, Mann-Whitney U tests, and ANOVA tests to compare differences among
continuous variables, while chi-square tests or Fisher’s exact tests were used for categorical variables. Body surface area (BSA) was
calculated using the formula: BSA (m2) = 0.0061 × Height (cm)+0.0128 ×Weight (Kg)-0.1529. The left ventricular mass (LVM) was
calculated as LVM(g) = 0.8 × 1.04 × [(interventricular septal thickness + left ventricular posterior wall thickness + left ventricular
end-diastolic dimension) [3]- left ventricular end-diastolic dimension [3] +0.6, and the LVM index was calculated as LVMI (g/m2) =
LVM/BSA. The Z-score was calculated as (individual data - mean value)/standard deviations to describe a value’s position relative to
the mean of a group of values. ARD was indexed based on body mass index (BMI) and standardized using Z-scores. BMI-indexed ARD
were divided into three groups based on the tertiles. We compared the differences in all-cause and cardiovascular mortality using the
log-rank test and visually presented them using Kaplan-Meier curves.

All variables were verified using the Schoenfeld residual test, which confirmed that they met the assumption of proportional
hazards. Cox proportional hazard models were used to analyze the differences among the three groups in terms of all-cause and
cardiovascular mortality. The model was adjusted for demographic data and clinical baseline characteristics, such as age, sex, and
blood pressure; echocardiography indicators, such as left ventricular structure and function (e.g., fractional shortening); and
comorbidities, such as coronary artery disease (CAD), hypertension, and diabetes. We also analyzed the correlation between ARD and
mortality separately in different sexes and examined the interactions between sex and various factors in multiple subgroups. Diabetes
is defined as self-reported diabetes history, discharge diagnosis of diabetes, or baseline HbA1c ≥ 6.5 %. Hypertension was defined as
having been diagnosed with hypertension in the past, having hypertension at discharge, or currently using hypertension medication.
CAD was previously diagnosed as CAD or as CAD upon discharge. These conditions include angina, acute coronary syndrome, and
myocardial infarction.

Additionally, a competing risk model was employed to analyze the competing risks of different groups for cardiovascular mortality,
considering the combination of ARD strata and sex. Furthermore, restricted cubic splines (RCS) in a multivariate Cox proportional

Fig. 1. Flow chart of inclusion and exclusion.
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hazards model with three knots set at 10 %, 50 %, and 90 % were used to examine the nonlinear association between ARD and
subsequent all-cause mortality.

Considering the BSA and height recommended in the previous literature and guidelines [1,2,13,22], we evaluated the incremental
prognostic ability to predict subsequent all-cause mortality risk and cardiovascular mortality risk using the C-statistic for ARD.
Furthermore, we validated the association between ARD and mortality risk in patients without aortic dilatation (ARD less than 40

Table 1
Patient characteristics according to ARD.

Total (n = 2125) Lowest tertile (n = 711) Middle tertile (n = 706) Highest tertile (n = 708) P

Age, years, median (Q1, Q3) 67 (58,76) 63 (50,72) 67 (58,75) 71 (64,78) < 0.001
Female, n (%) 810 (38.1) 272 (38.3) 268 (38) 270 (38.1) 0.993
Reason for hospitalization, n (%) < 0.001
New onset 424 (20) 168 (23.6) 147 (20.8) 109 (15.4)
ADHF 1701 (80) 543 (76.4) 559 (79.2) 599 (84.6)

Heart rate, beats/min 85 (72,100) 88 (75,101.5) 82 (70,97) 84 (73,98) < 0.001
SBP, mmHg 130 (116,148) 131 (115,150) 130 (117,147) 130 (116,147) 0.58
DBP, mmHg 80 (70,90) 80 (70,94) 80 (70,90) 80 (70,90) < 0.001
KCCQ-12 43.8 (26.7,60.8) 44.4 (29.2,61.2) 45.4 (27.5,61.9) 40.6 (24.8,57.7) 0.005
BMI, Kg/m2 24.3 (21.6,27) 27.3 (25.1,30.1) 24.5 (22.6,26.3) 21.3 (19.4,23) < 0.001
HF phenotype, n (%) 0.240
HFrEF 842 (39.6) 298 (41.9) 268 (38) 276 (39)
HFmrEF 450 (21.2) 144 (20.3) 142 (20.1) 164 (23.2)
HFpEF 833 (39.2) 269 (37.8) 296 (41.9) 268 (37.9)

NYHA, n (%) 0.080
I, II 305 (14.4) 116 (16.3) 103 (14.6) 86 (12.1)
III, IV 1820 (85.6) 595 (83.7) 603 (85.4) 622 (87.9)

NT pro BNP 1454 (619.5,3157) 1199 (559.9,2466) 1439 (590.8,3014) 1804.5 (751.1,3936.5) < 0.001
Follow-up, months 54.4 (30.1,59.7) 56 (40.4,60.2) 55 (28.9,59.7) 49.9 (23.9,58.7) < 0.001
Death reason, n (%) < 0.001
Cardiovascular mortality 750 (35.3) 207 (29.1) 242 (34.3) 301 (42.5)
Non-cardiovascular mortality 145 (6.8) 40 (5.6) 43 (6.1) 62 (8.8)

Echocardiography
ARD, mm 33 (30,36) 30 (28,33) 33 (30,35) 35 (32,38.6) < 0.001
BMI-indexed ARD, mm/(Kg/m2) 1.3 (1.2,1.5) 1.1 (1,1.2) 1.3 (1.3,1.4) 1.6 (1.5,1.8) < 0.001
LVEF, % 45 (33.4,56) 44 (32.9,56) 46 (34.2,57) 45 (34.1,56) 0.371
IVSD, mm 10 (8.5,11) 10 (8.3,11) 10 (8.2,11) 10 (8.6,11) 0.576
LVEDD, mm 58 (50,66.5) 58.4 (50,67) 58 (50,66) 58 (50,66) 0.426
LVPWD, mm 9.7 (8,10.4) 10 (8.3,10.8) 9.6 (8,10.4) 9.4 (8,10.3) 0.218
LA, mm 44 (39,49) 45 (40,50) 44 (40,49) 43 (38.9,48) < 0.001
LVEDV, mL 167 (118,231) 170 (118,234) 165 (120.2234) 166.2 (117,226) 0.449
LVESV, mL 91.4 (51,146) 94 (51,154.5) 90 (51.3148.7) 91 (51,140) 0.389
LVFS 23 (17,30) 23 (16,30) 23.4 (17,30.4) 23 (17,30) 0.463
LVMI, g/m2 129.7 (101.4163.3) 123.6 (98.4154.1) 130.1 (102.5162.2) 135.5 (104.9170.9) < 0.001
AO dilation, n (%) 161 (7.6) 3 (0.4) 26 (3.7) 132 (18.6) < 0.001
Aortic regurgitation, n (%) 1166 (54.9) 290 (40.8) 390 (55.2) 486 (68.6) < 0.001

Comorbidities
CAD 1101 (51.8) 353 (49.6) 386 (54.7) 362 (51.1) 0.151
VHD 279 (13.1) 77 (10.8) 84 (11.9) 118 (16.7) 0.002
CHD 42 (2) 11 (1.5) 15 (2.1) 16 (2.3) 0.592
Hypertension 1170 (55.1) 403 (56.7) 395 (55.9) 372 (52.5) 0.247
Atrial fibrillation, n (%) 732 (34.4) 237 (33.3) 248 (35.1) 247 (34.9) 0.742
Cardiomyopathy, n (%) 650 (30.6) 229 (32.2) 200 (28.3) 221 (31.2) 0.258
DM, n (%) 678 (31.9) 277 (39) 233 (33) 168 (23.7) < 0.001
COPD, n (%) 384 (18.1) 101 (14.2) 116 (16.4) 167 (23.6) < 0.001
CKD, n (%) 240 (11.3) 73 (10.3) 80 (11.3) 87 (12.3) 0.485

Medical at admission
ACEI, n (%) 421 (19.8) 132 (18.6) 150 (21.2) 139 (19.6) 0.444
ARB, n (%) 383 (18) 146 (20.5) 123 (17.4) 114 (16.1) 0.083
β blocker, n (%) 945 (44.5) 321 (45.1) 344 (48.7) 280 (39.5) 0.002
CCB, n (%) 313 (14.7) 114 (16) 110 (15.6) 89 (12.6) 0.136
Diuretic, n (%) 427 (20.1) 144 (20.3) 144 (20.4) 139 (19.6) 0.93

ADHF, acute decompensated heart failure; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; KCCQ-12, Kansas City
cardiomyopathy questionnaire-12; ARD, aortic root dimensions; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic
diameter; LVESD, left ventricular end-systolic diameter; IVSD, interventricular septal diameter; RVEDD, right ventricular end-diastolic diameter;
LVPWD, left ventricular posterior wall diameter; LAD, left atrial anterior-posterior diameter; RAD, right atrial diameter; LVEDV, left ventricular end-
diastolic volume; LVESV, left ventricular end-diastolic systolic volume; LVFS, left ventricular fractional shortening; LVMI, left ventricular mass index;
CAD, coronary artery disease; VHD, valvular heart disease; CHD, coronary heart disease; DM, diabetes mellitus; COPD, chronic obstructive pulmonary
disease; CKD, chronic kidney disease; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CCB, calcium channel
blocker.
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mm), given that most patients did not have concomitant aortic root dilatation.
Nomissing variables did not exceed over 5 %, therefore, the missing values was imputed five times using the random forest method.

Statistical analyses were conducted utilizing R version 4.2.3 (R Foundation for Statistical Computing), employing a two-tailed alpha
value of 0.05 to determine significance.

3. Results

3.1. Study population

The study involved the evaluation of ARD of in 2281 participants, of which 142 had undefined causes of death and 14 underwent
valve replacement. Consequently, only 2125 individuals were included in the analysis. The study flow chart is presented in Fig. 1.

Among the evaluated participants, 38.4 % were women, with a median age of 67 years, and 80 % were diagnosed with ADHF upon
admission. Table 1 shows patient characteristics according to the BMI-indexed ARD tertiles. Patients in the highest tertile group were
older and had lower BMI, lower KCCQ-12 scores, shorter follow-up times, and lower diastolic blood pressure (DBP). However, no
significant differences in systolic blood pressure (SBP) with the other groups. Compared to the echocardiography results, the highest
tertile group showed a higher absolute ARD and higher BMI-indexed ARD, indicating more aortic root dilatation. For the left heart
functional structure, the LVMI was higher, and the left atrial dimension was larger in the highest tertile group. Valvar heart disease,
chronic obstructive pulmonary disease (COPD), and diabetes were more prevalent in the highest tertile group.

3.2. Association between ARD and subsequent mortality

During a median follow-up of 54.4 (interquartile range:30.1 to 59.7) months, a total of 895 deaths occurred, with 750 adjudicated
by cardiovascular mortality and 145 as non-cardiovascular mortality. The highest tertile group exhibited the highest incidence of all-
cause death, with higher rates of cardiovascular and non-cardiovascular mortality outcomes than the other groups. The Kaplan-Meier
curves showed a gradual increase in both all-cause mortality and cardiovascular mortality from lowest tertile group to highest tertile
group (all-cause mortality: lowest tertile group [34.7 %], middle [40.4 %], highest [51.3 %], log-rank test P < 0.001; cardiovascular
mortality: lowest tertile group [29.1 %], middle [34.3 %], highest [42.5 %], log-rank test P < 0.001, Fig. 2). Similar results were
observed in different sex groups, with the highest mortality rates observed in highest tertile group (Supplementary Fig. 1).

Table 2 shows the relationship between BMI-indexed ARD and all-cause and cardiovascular mortality. In the all population, after
multivariable adjustment, lowest tertile group and middle tertile group demonstrated a significantly lower hazard ratio (HR) for all-
cause mortality and cardiovascular mortality than highest tertile group (all-cause mortality: middle tertile group [HR, 0.75; 95 % CI,
0.63 to 0.89; P < 0.001], lowest tertile group [HR, 0.68; 95 % CI, 0.56 to 0.81; P < 0.001]); cardiovascular mortality: (middle tertile
group [HR, 0.78; 95 % CI, 0.65 to 0.93; P = 0.007], and lowest tertile group [HR, 0.71; 95 % CI, 0.58 to 0.87; P < 0.001]). However,
notable differences were observed between the different sexes. For all-cause mortality, compared to the highest tertile group, the
lowest and middle tertile group showed a significant risk reduction in men (lowest tertile group [HR, 0.67; 95 % CI, 0.53 to 0.85; P =

0.001], and middle tertile group [HR, 0.75; 95 % CI, 0.60 to 0.93; P= 0.008]). However, in women, both the lowest and middle tertile
groups showed an insignificant reduction in risk. Regarding cardiovascular mortality, differences were only observed in the lowest
tertile group in men compared to the highest tertile group, while no significant differences were observed in the middle tertile group
compared to the highest tertile group and all groups in women.

In the Fine-Gray model, we observed a gradual increase in cardiovascular mortality risk from the lowest tertile group to the highest
tertile group in all populations (P for trend= 0.033; Supplementary Table 1). However, considering the competing risk, the mortality risk
reduction was only observed in the lowest tertile in both male and female subgroups, while it was not significant in the middle tertile.
Moreover, the competing risk persisted in the overall population (P = 0.043; Fig. 3 and Supplementary Table 1). After combining the
sex and tertile groups, the risk of cardiovascular mortality was also significantly different between the sex-tertile groups with the

Fig. 2. Kaplan-Meier curve of all-cause mortality (A) and cardiovascular mortality (B). The risk of mortality gradually increased from the lowest
tertile to the highest tertile of aortic root dimensions (P for trend <0.001 for all-cause and cardiovascular mortality).

Z. Zhou et al.



Heliyon 10 (2024) e37026

6

presence of competing risks (Supplementary Table 1). After multivariate adjustment, compared to the highest tertile + male, differ-
ences were observed only in the lowest tertile + male (Supplementary Table 1).

The sex-based differences in the risks of all-cause and cardiovascular mortality were examined across various ARD subgroups
(Fig. 4). It was observed that women had experienced a lower risk of all-cause mortality than men in the ARD subgroups from the 30 to
<35 groups. As a continuous variable, the BMI-indexed ARD was significantly associated with an increased risk of all-cause or car-
diovascular mortality in the overall population and sex groups (Supplementary Table 2). Specifically, in men, for each increase of one
standard deviation, the risk of all-cause mortality and cardiovascular mortality was slightly higher than that in women.

In the analysis of nonlinear patterns (Fig. 5), the association between BMI-indexed ARD and all-cause mortality or cardiovascular
mortality was linear (P for nonlinearity = 0.464 and P for nonlinearity = 0.233, respectively). In the female subgroup, the relationship

Table 2
Association between BMI-indexed ARD and all-cause mortality, and cardiovascular mortality in all populations, males and females.

All All-cause Cardiovascular

Unadjusted Adjusteda Unadjusted Adjusted

HR,95 % CI P HR,95 % CI P P for
trend

HR,95 % CI P HR,95 % CI P P for
trend

Lowest 0.60
(0.51,0.70)

<0.001 0.68
(0.56,0.81)

<0.001 0.002 0.60
(0.50,0.72)

<0.001 0.71
(0.58,0.87)

<0.001 0.011

Middle 0.73
(0.63,0.86)

<0.001 0.75
(0.63,0.89)

<0.001 0.75
(0.63,0.89)

<0.001 0.78
(0.65,0.93)

0.007

Highest ref – ref – ref – ref –
Male
Lowest 0.56

(0.45,0.68)
<0.001 0.67

(0.53,0.85)
0.001 0.014 0.60

(0.48,0.75)
<0.001 0.72

(0.55,0.94)
0.014 0.111

Middle 0.73
(0.60,0.88)

0.001 0.75
(0.60,0.93)

0.008 0.78
(0.63,0.97)

0.023 0.81
(0.64,1.02)

0.075

Highest ref – ref – ref – ref –
Female
Lowest 0.67

(0.51,0.87)
0.003 0.73

(0.53,1.01)
0.060 0.331 0.60

(0.45,0.81)
<0.001 0.78

(0.54,1.11)
0.164 0.276

Middle 0.74
(0.57,0.96)

0.025 0.85
(0.63,1.15)

0.302 0.69
(0.52,0.92)

0.012 0.83
(0.60,1.52)

0.266

Highest ref – ref – ref – ref –

a models were adjusted according to heart failure phenotypes, reason for hospitalization, age, aortic root dilation, New York Heart Association
classification, systolic blood pressure, diastolic blood pressure, heart rate, Kansas city cardiomyopathy questionnaire-12 score, left ventricular end
diastolic diameter, interventricular septal diameter, right ventricular end diastolic diameter, left ventricular posterior wall diameter, left atrial
anterior-posterior diameter, right atrial diameter, left ventricular fractional shortening, left ventricular, aortic valve regurgitation, coronary artery
disease, valvular heart disease, congenital heart disease, diabetes mellitus, chronic obstructive pulmonary disease, chronic kidney disease, hyper-
tension, atrial fibrillation, and cardiomyopathy. HR, hazard ratio; CI, confidence interval.

Fig. 3. The competing risk of aortic root dimension tertile groups. The highest Tertile showed a higher non-cardiovascular mortality of competing
risk (8.9 %; P = 0.043). CVD, cardiovascular death.
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between BMI-indexed ARD and the risk of all-cause mortality and cardiovascular mortality were nonlinear (P for nonlinearity= 0.026 and
P for nonlinearity= 0.004, respectively), exhibiting a “J” shape. However, in men, the relationship between BMI-indexed ARD and the risk
of all-cause and cardiovascular mortalities was linear (P for nonlinearity = 0.705 and P for nonlinearity = 0.818, respectively).

3.3. Sensitivity analysis

When comparing ARD indexed by factors such as BSA and height, BMI-indexed ARD had the largest C-statistic, larger than ARD
indexed by BSA with significance (P < 0.001 for all-cause mortality and P = 0.015 for CVD) but similar to ARD indexed by height or
absolute ARD, regarding all-cause mortality and cardiovascular mortality (Supplementary Fig. 2). Additionally, in the ARD less than
40 mm, for each increase of one standard deviation, the risk of all-cause mortality increased by 25 % (HR, 1.25; 95 % CI 1.15 to 1.36; P
< 0.001).

4. Discussion

In this AHF cohort of 2125 participants, BMI-indexed ARDwas associated with an increased the risk of all-cause and cardiovascular
mortality. Compared to the largest tertile group of BMI-indexed ARD, the lowest and middle tertile groups experienced a lower risk of
all-cause and cardiovascular mortality, with a reduction of over 20 %. Furthermore, differences were observed between the sexes. Our

Fig. 4. The association between sex and all-cause mortality (A), as well as cardiovascular mortality (B) in subgroups of different factors indexed
ARD. Women had a lower risk of cardiovascular mortality than men in the absolute value of ARDs from 30 to <35 mm. The interactions were
observed in the subgroups of ARD. BSA, body surface area; ARD, aortic root dimensions.

Fig. 5. Association between BMI-indexed ARD and subsequent all-cause mortality in all populations (A), women (B), and men (C), as well as CVD in
all populations (D), women (E), and men (F). BMI, body mass index; ARD, aortic root dimensions; CVD, cardiovascular death.
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study provides evidence supporting the use of BMI-indexed ARD as valuable predictors of the risk of all-cause and cardiovascular
mortality.

Prior research has revealed a correlation between ARD and the risk of adverse cardiovascular events in the general population.
Notably, Notably, the previous studies discovered that the increase in ARD corresponded to an increase in the risk of HF incidence and
cardiovascular events regardless of race [3,6,9,23–25]. Nevertheless, the current research has primarily focused on the general
population and has yet to analyze specific populations. In AHF populations, a combination of cardiovascular risk factors, such as
hypertension and left ventricular hypertrophy, often coexist, all of which can directly or indirectly affect ARD [5,26–31].

Previous studies have revealed that the risk of cardiovascular mortality is higher in women than in men [6]. Our findings concurred
with prior research in that the mortality risk in males was slightly lower than in females. It is noteworthy that the relationship between
the BMI index and female mortality rate presents a “J” shape. This phenomenon was described for the first time, however, there is no
evidence in the literature. The study results indicated that ARD and body imbalance may be more harmful to women with AHF. The
difference between men and women with ARD and a lower BMI index may be related to sex.

ARD is influenced by multiple factors and its absolute value may not directly reflect its relationship with cardiovascular events.
Apart from the sex discrepancy, an increase in ARD was associated with factors such as age, height, weight, and cardiovascular risk
factors [10,12,14,15,22,26,29,32–36]. Considering individual and racial differences, indexing with height or BSA can more accurately
reflect individual differences in ARD [37]. In previous studies, the relationship among height, BSA, and ARD varied. Height-indexed
ARD may be more accurate to aortic aneurysms compared to BSA-indexed ARD [38]. Compared with BSA, BMI simplified the cal-
culations and reflected the inverse relationship between weight and height, which better represented individual differences from the
standard body shape, avoiding situations of extreme thinness or obesity.

It is pertinent to acknowledge that ARD enlargement leading to surgical intervention is a gradual process that entails associated
risks that cannot be disregarded. This study, which focuses on patients with AHF, complements the correlation between mortality risk
and BMI-indexed ARD before the absolute ARD values reach the threshold for surgical intervention. The results of this study high-
lighted that ARD is positively correlated with an elevated risk of cardiovascular disease outcomes and mortality.

It is important to acknowledge the limitations of the present study. First, our study cohort consisted solely of patients with AHF,
which precluded comparison with the general population and curtailed the generalizability of our findings to a broader population.
Moreover, the study population was predominantly of Asian descent, which further restricts the generalizability of our results. Second,
despite standardized training at the onset of the study, echocardiography, which we used for measurements, has inherent variability
and thus requires cautious interpretation. Additionally, we did not measure the dimensions of the descending or abdominal aorta,
which precludes comparisons with the aortic root. Augmenting this study with measurements of the descending and abdominal aortic
dimensions in future studies could yield more meaningful results. A larger population is also needed to verify the relationship between
BMI-indexed ARD and mortality in women, especially in those with a lower BMI-indexed ARD. Finally, we lacked longitudinal data,
which would have been ideal for the continuous assessment of ARD over time.

5. Conclusion

Our results indicated that both male and female patients with lower BMI-indexed ARD were at a lower risk of mortality than those
with higher BMI-indexed ARD. Moreover, we found a discrepancy in the relationship between BMI-indexed ARD and mortality be-
tween women and men, which requires further verification and analysis.
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