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The correlation between body mass index (BMI) and the outcomes for patients receiving surgical 
intervention for abdominal aortic aneurysm (AAA) is still debated. Consequently, this study seeks 
to investigate the association between BMI and mortality following elective open abdominal aortic 
aneurysm repair (EOAR). This study involves a secondary analysis derived from data collected in 
a prospective cohort framework. It focuses on individuals who received EOAR across ten vascular 
surgery centers in Denmark from January 1, 2000, to December 31, 2014. The analysis employed a 
Cox proportional hazards regression model to examine the connection between BMI and mortality 
following EOAR. To detect any potential nonlinear associations, Cox regression with cubic spline 
functions and smooth curve fitting was utilized. Furthermore, we performed numerous sensitivity 
and subgroup evaluations to ensure the reliability of our results. Upon controlling confounding 
variables, the analysis demonstrated a clear inverse correlation between BMI and mortality following 
EOAR. Specifically, each 1 kg/m² increase in BMI corresponded to a 2.7% reduction in mortality risk 
(HR = 0.973; 95% CI: 0.958–0.988). Compared to individuals with normal weight, those classified 
as underweight faced a 62.6% higher risk of mortality (HR = 1.626; 95% CI: 1.142–2.314), whereas 
overweight and obese individuals experienced a reduction in mortality risk by 18.2% (HR = 0.818; 95% 
CI: 0.722–0.928) and 15.8% (HR = 0.842; 95% CI: 0.721–0.998), respectively. Additionally, the study 
identified a nonlinear relationship between BMI and postoperative mortality, with a critical point at a 
BMI of 25.78 kg/m². Below this inflection point, each 1 kg/m² decrease in BMI significantly increased 
mortality risk by 8% (HR = 0.920; 95% CI: 0.893–0.949). Beyond this inflection point, further increases 
in BMI did not significantly impact mortality risk. In patients undergoing EOAR, an increase in BMI 
is significantly negatively associated with postoperative mortality. Additionally, a specific nonlinear 
relationship exists between BMI and postoperative mortality, with a BMI inflection point at 25.78 kg/
m². Clinicians should carefully weigh surgical risks for patients with a BMI under 25.78 kg/m² and 
consider delaying surgery to enhance nutrition. In contrast, those overweight or obese may not require 
pre-surgery weight management. 
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Abdominal Aortic Aneurysm (AAA) is a vascular disorder associated with aging, characterized by pathological 
expansion and persistent weakening of the aortic wall1. It ranks among the most prevalent aneurysm types, 
bearing high incidence and mortality risk23,; with about 5% prevalence in the general population4. In 
Western countries, approximately 9% of adults over the age of 65 are affected by AAA, leading to a significant 
number of deaths5. Annually, AAA accounts for an estimated 150,000 to 200,000 deaths worldwide, creating 
considerable social and economic burdens6. The primary treatment for AAA is surgical intervention, primarily 
through endovascular abdominal aortic aneurysm repair (EVAR) or open abdominal aortic aneurysm repair 
(OAR). Identifying prognostic predictive markers for surgical intervention in AAA patients is crucial for risk 
stratification, informed clinical decision-making, and accurate prognosis evaluation. Key prognostic factors for 
patients undergoing AAA surgery include age, type of surgical intervention, obesity, diabetes, cardiac conditions, 
and hypertension7–9.

On a global scale, the increasing prevalence of obesity has become a pressing concern for public health. 
As a critical risk factor, obesity contributes to the development of a wide range of chronic illnesses, including 
diabetes, hypertension, non-alcoholic fatty liver disease, kidney disorders, and cardiovascular conditions10–12. 
Interestingly, research has identified an unexpected relationship between obesity and clinical outcomes in certain 
patient populations, where a higher body mass index (BMI) appears to confer a survival advantage, while a lower 
BMI is linked to poorer outcomes13,14. This counterintuitive phenomenon, known as the “obesity paradox,” was 
first identified in the groundbreaking work of Gruberg and colleagues in 200215. Their investigation revealed 
that individuals with elevated body mass and coronary artery disease demonstrated markedly reduced mortality 
compared to their leaner counterparts. This paradox has also been noted in the context of AAA disease16. For 
instance, a meta-analysis by Naiem et al. highlighted a lower 30-day mortality rate for obese patients undergoing 
EVAR compared to non-obese patients17. Similarly, a Korean cohort study suggested that individuals with a 
higher body mass index (BMI ≥ 25 kg/m²) had improved overall survival following elective open abdominal 
aortic aneurysm repair (EOAR)18. However, findings that challenge the obesity paradox exist. For example, two 
studies utilizing the Vascular Quality Initiative (VQI) database explored the BMI-prognosis relationship for OAR. 
One study found that both low (BMI < 18.5) and high (BMI > 34) BMI were linked to increased mortality19 while 
another indicated that very low (BMI < 18.5) and very high (BMI ≥ 40) BMI were associated with greater 30-day 
mortality for both EVAR and EOAR20. Additionally, a meta-analysis pointed out that obesity is not a risk factor 
for short-term mortality after AAA repair compared to non-obese individuals21. Some research even suggests 
obesity markedly raises the mortality risk following AAA repair22. Therefore, the relationship between obesity 
and the prognosis after AAA repair remains highly controversial, necessitating further comprehensive research 
and in-depth understanding.

It is crucial to recognize that most research predominantly utilizes linear regression to assess the association 
between BMI and outcomes of AAA repair, with limited focus on exploring nonlinear dynamics. These studies 
also vary significantly in terms of timing, surgical methods, BMI ranges, gender proportions, and adjustment 
variables. Consequently, there is a need for further investigation into the association between BMI and prognosis 
after AAA repair. This study seeks to investigate both linear and nonlinear associations between BMI and 
postoperative mortality in patients undergoing EOAR, leveraging data from a Danish cohort study.

Methods
Data source and study population
This cohort study examined data from individuals who underwent EOAR across 10 vascular surgery centers 
in Denmark, covering the period from January 1, 2000, to December 31, 201423. The dataset was sourced from 
a published article titled “Red blood cell transfusion associated with increased morbidity and mortality in 
patients undergoing elective open abdominal aortic aneurysm repair.” As stipulated by the Creative Commons 
Attribution-NonCommercial (CC BY-NC 4.0) license, this open-access article allows for distribution, 
reproduction, modification, and the creation of derivative works, provided that appropriate credit is given to the 
original authors and source23.

The initial cohort consisted of 10,599 individuals listed in the Danish Vascular Registry (Karbase). Of these, 
6,683 were excluded for various reasons23. The original study’s exclusion criteria included: (i) patients with 
suprarenal, iliac, symptomatic, ruptured, mycotic, dissecting, pseudo-, or thrombotic aneurysms (n = 4,885); 
(ii) cases with incomplete data or duplicates (n = 423); and (iii) patients who underwent EVAR(n = 1,405). 
Consequently, the original study retained 3,876 individuals who underwent EOAR. In our analysis, we further 
excluded participants lacking BMI records (n = 498). This resulted in a final sample size of 3,378 participants for 
our study. The participant selection process is illustrated in Fig. 1.

Ethical approval
Data for this study were sourced from the Danish Vascular Registry (Karbase), a comprehensive national 
database in Denmark documenting all vascular surgeries. The initial study and the subsequent data extraction 
received authorization from the Danish Data Protection Agency (Datatilsynet), under approval number 2015-
41-4135, adhering to the Helsinki Declaration’s principles. Since all personal identifiers were fully anonymized, 
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the Danish Data Protection Agency specified that informed consent was unnecessary for using this data. 
Consequently, this secondary analysis does not require further ethical approval23.

Body mass index
 BMI is measured as a continuous variable, calculated using the formula: BMI = weight/height2 (kg/m2). 
It is pertinent to mention that height and weight data were recorded at baseline. Based on the World Health 
Organization’s obesity classification, participants were categorized as follows: underweight (BMI < 18.5 kg/m2), 
normal weight (18.5 ≤ BMI < 25 kg/m2), overweight (25 ≤ BMI < 30 kg/m2), and obese (BMI ≥ 30 kg/m2)24.

Endpoint events
The primary outcome of this study was the long-term survival status (15 years post-surgery) of patients 
undergoing EOAR, expressed as a binary variable (0 for survival, 1 for mortality). Survival status was determined 
on July 1, 2015, using data from the Danish Civil Registration System (CPR)23.

Collection and definition of covariates
In this study, covariates were chosen based on a combination of established research and clinical expertise23,25. 
Included among these covariates were age, sex, preoperative hemoglobin (HGB) levels, total blood transfusions, 
perioperative serum creatinine (Scr), perioperative bleeding, and the American Society of Anesthesiologists 
(ASA) score. Additionally, data were collected on smoking and documented cerebrovascular diseases, cardiac 
disease, diabetes mellitus (DM), hypertension, and respiratory diseases. Cerebrovascular disease was defined 
as a history of transient ischemic attack (TIA) or stroke. Cardiac disease was defined as a history of acute 
myocardial infarction, stable/unstable angina, or having undergone cardiac surgery, including percutaneous 
coronary intervention. Anemia was defined as HGB levels less than 134 g/L in men or less than 118 g/L in 
women. Respiratory diseases included ongoing treatment for lung diseases and experiencing shortness of breath 
while speaking or at rest. Moreover, data on postoperative complications, such as issues with respiration and 
cardiac function, intestinal ischemia, dialysis, and embolic disorders, were collected23.

Handling missing data
Missing data often presents a challenge in observational studies and is generally unavoidable. In this analysis, 
missing data were noted for variables such as DM (16 cases, 0.47%), respiratory diseases (19 cases, 0.56%), 

Fig. 1.  Flowchart illustrating the composition of study participants.
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hypertension (30 cases, 0.89%), cerebrovascular diseases (30 cases, 0.89%), cardiac diseases (32 cases, 0.95%), 
Scr (75 cases, 2.22%), perioperative bleeding (7 cases, 0.21%) smoking status (34 cases, 1.01%), HGB (88 cases, 
2.61%), cardiac complications(6 cases, 0.18%), pulmonary complications(6 cases, 0.18%), intestinal ischemia(11 
cases, 0.33%), and ASA score (284 cases, 8.41%). To address the potential bias introduced by these missing 
variables, a multiple imputation technique was employed26,27. For this process, a linear regression imputation 
model with 10 iterations was used, incorporating variables such as age, sex, HGB, Scr, perioperative bleeding, 
total blood transfusion, smoking status, heart and cerebrovascular diseases, hypertension, DM, respiratory 
conditions, ASA score, along with postoperative in-hospital complications (respiratory and cardiac issues, 
ischemic bowel disease, hemodialysis, embolic disease). The imputation assumed that the data was missing at 
random (MAR)27.

Statistical analysis
The analysis of the study data was conducted using R software (version 3.4.5) alongside Empower Stats (version 
4.2), establishing a significance threshold at P < 0.05 for two-sided tests. Participants were classified into four BMI 
categories—underweight, normal weight, overweight, and obese—based on the World Health Organization’s 
obesity criteria. Categorical variables are summarized as counts and percentages, whereas continuous variables 
are expressed either as medians with interquartile ranges or means with standard deviations. To assess differences 
among the BMI categories, the Kruskal-Wallis H test was applied for non-normally distributed data, one-way 
ANOVA for normally distributed data, and the chi-square test for categorical variables.

To thoroughly investigate the link between BMI and postoperative mortality in patients undergoing EOAR, a 
series of multivariable Cox proportional hazard models were constructed with sequential adjustments for various 
factors. The outcomes are reported as hazard ratios (HR) with 95% confidence intervals (CI). Model I did not 
adjust for any variables. Model II adjusted for age, sex, and smoking status. Model III further expanded the range 
of adjustments to include age, sex, perioperative bleeding, hypertension, DM, smoking status, hemoglobin HGB, 
Scr, ASA score, total transfusion volume, cardiac and cerebrovascular diseases, intestinal ischemia, cardiac and 
pulmonary complications, and embolic events. The variables used for multivariable adjustment were primarily 
selected based on the results of univariable analysis, previous studies, and clinical expertise20,21,23,25.

 To ensure the robustness of our findings, we conducted three sensitivity analyses based on the fully 
adjusted Model III:(i). Sensitivity Analysis 1 omitted participants diagnosed with DM at the start of the study. 
(ii). Sensitivity Analysis 2 excluded those with hypertension at baseline. (iii). Sensitivity Analysis 3 considered 
only participants who did not have cardiac disease. Moreover, to evaluate the potential impact of unmeasured 
confounding on the association between BMI and postoperative mortality in patients undergoing EOAR, the 
E-value was calculated28,29.

 Upon establishing the association between BMI and postoperative mortality in patients undergoing EOAR 
through a linear regression model, a Cox proportional hazards regression model with smooth curve fitting was 
employed to investigate any potential nonlinear relationships. Should a nonlinear relationship be detected, a 
recursive algorithm was applied to determine the inflection point. Subsequently, Cox proportional hazards 
regression models were constructed for each segment on either side of this inflection point. The log-likelihood 
ratio test was used to identify the best model describing the relationship between BMI and postoperative 
mortality. Furthermore, exploratory stratified Cox proportional hazards regression analyses were performed 
across various subgroups, including age, sex, respiratory diseases, cerebrovascular diseases, smoking status, 
and ASA score, to further explore the BMI-postoperative mortality relationship in patients undergoing EOAR. 
Differences between these subgroups were evaluated using the likelihood ratio test.

Results
Participant characteristics
The study analyzed 3,378 patients who underwent EOAR, with 2,761 being male, representing 81.73% of the 
sample. The mean age was 70.26 years, with a standard deviation of 7.02 years. BMI values were normally 
distributed, ranging from 14.39 to 54.29 kg/m², with an average of 26.30 kg/m² and a standard deviation of 4.16 
kg/m² (Fig. 2). Table 1 detailed the anthropometric and biochemical characteristics of the participants, classified 
according to the World Health Organization’s obesity criteria. The data clearly demonstrate that parameters such 
as weight, height, and perioperative bleeding increased significantly with higher BMI levels. In contrast, age 
tended to decrease as BMI increased. Additionally, the proportions of individuals with DM, non-smokers, males, 
cardiac disease, and hypertension rose with higher BMI, whereas the proportions of females, current smokers, 
and those with preoperative anemia decreased. There were no significant differences among the different BMI 
categories in terms of follow-up time, total transfusion, preoperative Scr, the proportion of dialysis, respiratory 
diseases, cerebrovascular diseases, postoperative intestinal ischemia complication, and pulmonary complication.

All-cause mortality of patients undergoing open repair for AAA
As outlined in Table 2, over a median follow-up duration of 4.94 years, 1260 participants passed away. The 
overall mortality for patients who underwent EOAR was 70.69 per 1,000 person-years. When broken down by 
BMI category, the mortality rates were as follows: 153.96 per 1,000 person-years for underweight individuals, 
81.69 for those of normal weight, 64.45 for the overweight group, and 58.02 for obese patients. The cumulative 
mortality for patients undergoing EOAR was observed to be 37.37%. More specifically, this rate was 56.67% for 
underweight, 42.78% for normal weight, 34.42% for overweight, and 29.85% for obese individuals, as highlighted 
in Table 2.

In the age stratification of < 60 years, 60 to < 70 years, 70 to < 80 years, and ≥ 80 years, female patients 
receiving EOAR had higher mortality in every age group except for the 60 to < 70 years group. Additionally, 
mortality for both males and females increased with age (Fig. 3). In addition, the 30-day, 90-day, 1-year, and 15-
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year mortality among different BMI categories were compared. It was found that no significant differences were 
observed in the 30-day, 90-day, and 1-year mortality across the BMI categories. However, the overall 15-year 
all-cause mortality was found to differ significantly, with higher BMI being associated with a lower long-term 
mortality risk (Supplementary Table S1).

The factors affecting mortality in patients undergoing EOAR were examined using univariate 
Cox proportional hazards regression analysis
The results indicated that mortality among patients undergoing EOAR was inversely associated with BMI and 
HGB, with statistical significance (P < 0.05). Conversely, mortality showed a positive correlation with total 
blood transfusion volume, Scr, and perioperative bleeding. Additionally, patients with anemia, elevated ASA 
scores, cardiac disease, respiratory disease, cerebrovascular diseases, and those experiencing perioperative 
complications such as cardiac, respiratory, and intestinal ischemia had a higher likelihood of mortality (P < 
0.05), as detailed in Supplementary Table S2. In contrast, factors such as hypertension, smoking status, sex, and 
embolus did not demonstrate a significant association with mortality in patients undergoing EOAR (P > 0.05).

Figure 4 illustrated the Kaplan-Meier survival curves segmented by BMI categories. The survival probabilities 
among patients undergoing EOAR differ significantly across these BMI groups, as confirmed by the log-rank 
test (P < 0.001). Participants classified as overweight and obese exhibit lower rates of postoperative mortality, 
whereas those who are underweight face a heightened risk of mortality.

The relationship between BMI and the all-cause mortality of patients undergoing open repair 
for AAA
To investigate the relationship between BMI and mortality in patients undergoing EOAR, three Cox proportional 
hazards regression models were developed, as shown in Table 3. In Model I, a 1 kg/m2 increase in BMI was 
associated with a 4.1% reduction in mortality (HR = 0.959, 95% CI: 0.945, 0.973). Model II demonstrated that 
a similar increase in BMI corresponded to a 2.3% decrease in mortality (HR = 0.977, 95% CI: 0.962, 0.992). In 
Model III, which was fully adjusted, the HR was 0.973 (95% CI:0.958, 0.988), suggesting a 2.7% reduction in 
mortality risk for each additional 1 kg/m2 of BMI. 

 Furthermore, the study explored BMI as a categorical variable by reintroducing it into the model after this 
transformation. Using individuals with normal weight as a baseline reference, the multivariable-adjusted Model 
indicated different HRs for each BMI category, as detailed in Table 3. Underweight individuals exhibited a 62.6% 
higher risk of mortality (HR = 1.626, 95% CI: 1.142, 2.314). In contrast, overweight participants demonstrated 
a18.2% reduced mortality risk (HR = 0.818, 95% CI: 0.722, 0.928), and those classified as obese had a 15.8% 
lower risk (HR = 0.842, 95% CI: 0.721–0.998) compared to their normal-weight counterparts (Table 3 Model 
III).

Sensitivity analysis
To validate the robustness of our findings, we undertook various sensitivity analyses. Initially, BMI was redefined 
into categories based on WHO’s obesity criteria and incorporated into the regression model. The observed effect 
size trend aligned with those results when BMI was treated as a continuous variable, as demonstrated in Table 
3. Furthermore, a Generalized Additive Model (GAM) was utilized to include continuous covariates as curves 
in the equation. Model IV outcomes (HR = 0.973; 95%CI:0.958, 0.989), shown in Table 3, were closely similar to 
the fully adjusted model (Table 3 Model III). We also conducted a sensitivity analysis excluding participants with 

Fig. 2.  Distribution of BMI. The BMI is normally distributed, ranging between 14.39 and 54.29 kg/m², with a 
mean (standard deviation) of 26.30 (4.16) kg/m².
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hypertension (n = 1234). After controlling for confounding factors such as age, sex, perioperative bleeding, DM, 
smoking status, HGB, Scr, ASA score, total transfusion, cardiac diseases, cerebrovascular diseases, intestinal 
ischemia, cardiac, and pulmonary complications, embolus, the analysis revealed a negative association between 
BMI and mortality in patients undergoing EOAR (HR = 0.966, 95% CI: 0.941, 0.992). In a separate sensitivity 
analysis excluding patients with DM and adjusting for similar variables, BMI continued to show a negative 
correlation with mortality (HR = 0.970, 95% CI: 0.954, 0.987). In addition, when the analysis was confined to 
individuals without cardiac disease, and all potential confounders were adjusted for, the HR between BMI and 
mortality was reported as 0.978 (95% CI: 0.960, 0.998), as indicated in Table 4. The variables specifically adjusted 
for in each sensitivity analysis model are detailed in Table 4.

The sensitivity to unmeasured confounding factors was evaluated by calculating the E-value. An E-value of 
1.18 was obtained, which surpasses the relative risk of 1.16 between BMI and unmeasured confounders. This 

BMI groups Participants(n) Mortality events (n) mortality rate (95% CI) (%) Per 1000 person-year

Total 3378 1260 37.0(35.67–38.93) 70.69

Underweight 60 34 56.67(43.76–69.58) 153.96

Normal 1323 566 42.78(40.11–45.45) 81.69

Overweight 1412 486 34.42(31.94–36.90) 64.45

Obesity 583 174 29.85(26.12–33.57) 58.02

Table 2.  15-year mortality following elective open repair of AAA (% and per 1,000 person-years). BMI, body 
mass index.

 

BMI groups Underweight Normal Overweight Obesity P-value

Participants(n) 60 1323 1412 583

Age (years, mean ± SD) 72.02 ± 6.74 71.19 ± 7.04 70.31 ± 6.79 67.82 ± 6.97 < 0.001

HGB (g/dL, mean ± SD) 132.65 ± 15.05 135.52 ± 15.27 139.21 ± 14.57 141.78 ± 14.35 < 0.001

Weight (kg, mean ± SD) 48.58 ± 6.66 68.76 ± 8.91 83.58 ± 8.79 99.31 ± 12.42 < 0.001

Hight (cm, mean ± SD) 167.70 ± 8.96 173.29 ± 8.56 174.85 ± 7.74 173.97 ± 8.88 < 0.001

Total transfusion (L, median, quartile) 4.10 ± 4.30 3.91 ± 5.51 3.75 ± 5.32 3.95 ± 4.95 0.530

Perioperative Scr(mmol/L, mean ± SD) 88.19 ± 36.86 97.75 ± 63.39 99.91 ± 56.35 95.35 ± 47.20 0.207

Perioperative bleeding (L, median, quartile) 1.41 ± 0.83 1.73 ± 1.25 1.98 ± 1.34 2.35 ± 2.39 < 0.001

Follow-up times(years, median, quartile) 4.13 (2.06–7.20) 4.99 (2.36–7.78) 4.98 (2.48–7.92) 4.82 (2.23–7.74) 0.376

ASA score 0.007

1 5 (8.33%) 245 (18.52%) 230 (16.29%) 98 (16.81%)

2 41 (68.33%) 815 (61.60%) 903 (63.95%) 334 (57.29%)

3 14 (23.33%) 260 (19.65%) 267 (18.91%) 148 (25.39%)

4 0 (0.00%) 3 (0.23%) 12 (0.85%) 3 (0.51%)

Female 41 (68.33%) 320 (24.19%) 163 (11.54%) 93 (15.95%)

Smoking (n.%) < 0.001

Newer 6 (10.00%) 195 (14.74%) 235 (16.64%) 89 (15.27%)

Ever 13 (21.67%) 441 (33.33%) 604 (42.78%) 267 (45.80%)

Current 41 (68.33%) 687 (51.93%) 573 (40.58%) 227 (38.94%)

Anemia(n.%) 19 (31.67%) 408 (30.84%) 349 (24.72%) 107 (18.35%) < 0.001

DM (n.%) 4 (6.67%) 65 (4.91%) 141 (9.99%) 99 (16.98%) < 0.001

Hypertension(n.%) 34 (56.67%) 769 (58.13%) 917 (64.94%) 424 (72.73%) < 0.001

Respiratory disease(n.%) 11 (18.33%) 203 (15.34%) 186 (13.17%) 84 (14.41%) 0.329

Cerebrovascular disease(n.%) 7 (11.67%) 122 (9.22%) 141 (9.99%) 56 (9.61%) 0.863

Cardiac disease(n.%) 12 (20.00%) 383 (28.95%) 516 (36.54%) 225 (38.59%) < 0.001

Postoperative in-hospital complications

Intestinal ischemia(n.%) 3 (5.00%) 51 (3.85%) 53 (3.75%) 24 (4.12%) 0.950

Cardiac complications(n.%) 4 (6.67%) 121 (9.15%) 93 (6.59%) 37 (6.35%) 0.051

Pulmonary complications(n.%) 5 (8.33%) 110 (8.31%) 131 (9.28%) 49 (8.40%) 0.824

Dialysis(n.%) 1 (1.67%) 35 (2.65%) 34 (2.41%) 16 (2.74%) 0.932

Embolus(n.%) 0 (0.00%) 1 (0.08%) 2 (0.14%) 0 (0.00%) 0.791

Table 1.  The baseline characteristics of participants. SD, standard deviation; n, number (%); BMI, body mass 
index; HGB, hemoglobin concentration; Scr, serum creatinine, diabetes mellitus; ASA, American Society of 
Anesthesiologists.
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Fig. 4.  The Kaplan-Meier survival curves according to BMI classification.

 

Fig. 3.  Postoperative all-cause mortality in participants based on age stratification. It showed that female 
patients receiving EOAR had higher mortality rates in every age group except for the 60–70 years group. 
Mortality rates for both males and females increased with age..
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suggested that unknown or unmeasured factors are unlikely to have a significant impact on the association 
between BMI and mortality in patients undergoing EOAR. Evidently, the robustness of our results is confirmed 
by all sensitivity assessments, and the reliability of our findings is clearly supported by the analysis conducted.

Subgroup analysis results
Within both predefined and exploratory subgroups, factors such as sex, age, ASA score, respiratory conditions, 
smoking habits, and cerebrovascular diseases did not alter the association between BMI and all-cause mortality 
in patients undergoing EOAR, as detailed in Table 5. In other words, there was no statistically significant 
interaction between BMI and these variables (P for interaction > 0.05).

Cox proportional hazards regression with smooth curve fitting to address nonlinear issues
Utilizing Cox proportional hazards regression with smooth curve fitting, we observed a nonlinear association 
between BMI and postoperative mortality among EOAR patients, as depicted in Fig. 5. The log-likelihood 
ratio test yielded a P-value below 0.05, indicating statistical significance. Through a recursive approach, a BMI 
inflection point was identified at 25.78 kg/m². Subsequently, a two-segment Cox proportional hazards regression 
model was employed to calculate effect sizes and confidence intervals on either side of this inflection point. 
Below 25.78 kg/m², an increase of 1 kg/m² in BMI corresponded to an 8% reduction in mortality risk for patients 
following EOAR (HR = 0.920, 95% CI: 0.893–0.949). Conversely, above this point, the HR was 1.014 with a 95% 
CI of 0.989–1.039, indicating no statistically significant difference (see Table 6).

Exposure Model I(HR,95%CI) p Model II(HR,95%CI) p Model III(HR,95%CI) p

BMI (kg/m2) 0.966 (0.941, 0.992) 0.011 0.970 (0.954, 0.987) <0.001 0.978 (0.960, 0.998) 0.027

BMI groups

 Underweight 1.536 (1.102, 2.616) 0.039 1.750 (1.223, 2.504) 0.002 1.379 (1.021, 2.064) 0.043

Normal weight Ref Ref Ref

Overweight 0.887 (0.730, 1.077) 0.048 0.827 (0.726, 0.943) 0.005 0.865 (0.738, 1.013) 0.027

Obesity 0.887 (0.730, 1.077) 0.038 0.879 (0.726, 1.065) 0.189 0.929 (0.785, 1.246) 0.080

Table 4.  The relationship between BMI and all-cause mortality in patients undergoing open repair of AAA in 
different sensitivity analyses. Model I was a sensitivity analysis conducted on non-hypertension participants 
(n = 1234). We adjusted age, sex, perioperative bleeding, DM, smoking status, HGB, Scr, ASA score, total 
transfusion, cardiac disease, cerebrovascular disease, intestinal ischemia, cardiac complications, pulmonary 
complications, embolus, smoking status. Model II was a sensitivity analysis in participants without diabetes 
(n = 3,069). We adjusted age, sex, perioperative bleeding, DM, smoking status, HGB, Scr, ASA score, total 
transfusion, cardiac disease, cerebrovascular disease, intestinal ischemia, cardiac complications, pulmonary 
complications, embolus, smoking status. Model III was a sensitivity analysis conducted on participants without 
cardiac disease (n = 2,242). We adjusted age, sex, perioperative bleeding, DM, smoking status, HGB, Scr, 
ASA score, total transfusion, cerebrovascular disease, intestinal ischemia, cardiac complications, pulmonary 
complications, embolus, smoking status. HR, Hazard ratios; CI: confidence, Ref: reference.

 

Exposure Model I(HR,95%CI) p Model II(HR,95%CI) p Model III(HR,95%CI) p Model IV(HR,95%CI) p

BMI (kg/m2) 0.959 (0.945, 0.973) < 0.001 0.977 (0.962, 0.992) 0.003 0.973 (0.958, 0.988) < 0.001 0.973 (0.958, 0.989) < 0.001

BMI groups

Underweight 1.453 (1.028, 2.054) 0.034 1.510 (1.062, 2.145) 0.023 1.626 (1.142, 2.314) 0.007 1.640 (1.151, 2.338) 0.006

Normal weight Ref Ref Ref Ref

Overweight 0.785 (0.696, 0.886) < 0.001 0.832 (0.736, 0.941) 0.004 0.818 (0.722, 0.928) 0.002 0.826 (0.728, 0.937) 0.003

Obesity 0.703 (0.593, 0.834) < 0.001 0.895 (0.752, 1.066) 0.214 0.842 (0.721, 0.998) 0.042 0.863 (0.721, 1.033) 0.069

Table 3.  Association between BMI and all-cause mortality in patients undergoing open repair of AAA in 
different models. Model I: we did not adjust other covariates. Model II: we adjusted age, sex, and smoking 
status. Model III: we adjusted age, sex, perioperative bleeding, hypertension, DM, smoking status, HGB, 
Scr, ASA score, total transfusion, cardiac disease, cerebrovascular disease, intestinal ischemia, cardiac 
complications, pulmonary complications, embolus, and smoking status. Model IV: we adjusted age(smooth), 
sex, perioperative bleeding(smooth), hypertension, DM, smoking status, HGB (smooth), Scr(smooth), 
ASA score, total transfusion(smooth), cardiac disease, cerebrovascular disease, intestinal ischemia, cardiac 
complications, pulmonary complications, embolus, smoking status,. HR, Hazard ratios; CI: confidence, Ref: 
reference.
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Discussion
 This study investigated the link between BMI and postoperative mortality in patients undergoing EOAR. The 
findings revealed that an increase in BMI is significantly linked to a lower risk of mortality in these patients. 
Those classified as underweight exhibited a higher mortality risk, whereas overweight and obese individuals 
showed a reduced risk. Furthermore, an inflection point was identified, revealing differing relationships between 
BMI and mortality on either side of this point for patients undergoing EOAR. 

 Globally, obesity is on the rise and has become a major healthcare concern30. It serves as a significant risk 
factor for chronic diseases such as DM, hypertension, non-alcoholic fatty liver disease (NAFLD), cancer, and 
kidney disease, as well as a critical risk factor for cardiovascular diseases14,31–35. However, in certain populations 
with specific conditions, obesity is linked to more favorable prognoses, whereas lower body weight is connected 
to poorer outcomes14. This phenomenon is termed the “obesity paradox,” a concept first introduced by Gruberg 
et al. in 2002, when they observed that obese individuals with coronary artery disease had significantly lower 
mortality rates compared to their non-obese peers15. This so-called obesity paradox has been verified across 
various surgical populations, including both cardiac and non-cardiac surgeries36–41. A large cohort study 
focused on general surgery showed that overweight and moderately obese patients undergoing general surgical 
procedures have a reduced risk of mortality compared to “normal” weight patients. The adjusted odds ratios (OR) 
with 95%CI were 0.85 (0.75–0.99) for overweight and 0.73 (0.57–0.94) for obese individuals41. Additionally, a 
meta-analysis involving 557,720 cardiac surgery patients demonstrated that overweight and obese patients also 
exhibited lower mortality rates. Compared to normal-weight patients, the OR for overweight and obese patients 
were 0.79 and 0.81, respectively40. Therefore, we speculate that the relationship between BMI and mortality in 
patients undergoing AAA surgery may also exhibit the obesity paradox. 

 A recent meta-analysis revealed that the 30-day mortality rate for obese patients undergoing EVAR was 31% 
lower than that for non-obese individuals, with an OR of 0.69 (95% CI: 0.50–0.96)17. A cohort study involving 
668 patients undergoing EOAR indicated that underweight individuals had higher mortality rates in comparison 
to those of normal weight (HR = 3.67; 95% CI, 1.02–13.18), while obesity was linked to reduced mortality rates 
relative to normal-weight patients (HR, 0.73; 95% CI, 0.53–1.0)18. In addition, a study utilizing data from the 
VQI database showed that compared to EOAR patients with a BMI of 25–29.9 kg/m², those with a normal BMI 

Characteristic No of participants HR (95%CI) P value P for interaction

Age(years) 0.6978

<60 232 0.977 (0.915, 1.043) 0.4858

60–70 1219 0.973 (0.949, 0.997) 0.0304

70–80 1654 0.971 (0.950, 0.992) 0.0072

≥80 273 0.940 (0.891, 0.992) 0.0240

Sex 0.5208

Male 2761 0.975 (0.957, 0.992) 0.0048

Female 617 0.963 (0.932, 0.995) 0.0235

ASA score 0.7461

1 578 0.975 (0.934, 1.017) 0.2341

2 2086 0.977 (0.958, 0.996) 0.0203

3 682 0.958 (0.929, 0.988) 0.0060

4 32 0.987 (0.726, 1.342) 0.9328

Smoking status 0.7052

Current smoker 525 0.966 (0.927, 1.007) 0.1053

Ever smoker 1325 0.965 (0.939, 0.991) 0.0093

Never smoker 1528 0.978 (0.958, 0.998) 0.0320

Anemia 0.7062

No 2495 0.965 (0.947, 0.983) 0.0001

Yes 883 0.971 (0.944, 0.999) 0.0410

Respiratory disease 0.6168

No 2894 0.969 (0.952, 0.986) 0.0004

Yes 484 0.960 (0.929, 0.992) 0.0144

Cerebrovascular disease 0.7960

No 3052 0.968 (0.952, 0.984) 0.0001

Yes 326 0.962 (0.919, 1.006) 0.0883

Table 5.  Stratified associations between BMI and all-cause mortality by age, sex, ASA score, smoking status, 
anemia, respiratory disease, and cerebrovascular disease. Note: The above Models adjusted for age, sex, 
perioperative bleeding, hypertension, DM, smoking status, HGB, Scr, ASA score, total transfusion, cardiac 
disease, cerebrovascular disease, intestinal ischemia, cardiac complications, pulmonary complications, 
embolus, smoking status. HR, Hazard ratios; CI: confidence, Ref: reference.
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(18.5–24.9 kg/m²) had a 50% increased risk (OR = 1.5, 95% CI 1.13–1.86). Participants with a BMI of 30–34.9 
kg/m² and 35–39.9 kg/m² had a 10% increased risk, but these differences were not statistically significant. In 
other words, compared to patients with a normal BMI (18.5–24.9 kg/m²), those with a BMI of 25–40 kg/m² had 
a lower 30-day postoperative mortality rate, partially confirming the obesity paradox. The study also found that 
EOAR patients with morbid obesity (BMI ≥ 40 kg/m²) had a significantly higher 30-day postoperative mortality 
rate compared to patients with a BMI of 25–29.9 kg/m²20. Another study, also utilizing VQI data, investigated 
the relationship between BMI and 30-day mortality in EOAR patients and reached inconsistent conclusions, 
reporting that EOAR patients with a high BMI (> 34 kg/m²) had an increased 30-day mortality19. A study 
from the United States also confirmed that morbidly obese (BMI > 40 kg/m²) EOAR patients have a higher 
mortality42. Our study supports the conclusion of an obesity paradox in EOAR patients and complements the 
existing literature. However, unlike the two large cohort studies based on VQI data, our study did not find a 

Outcome: mortality HR (95%CI) p-value

Standard linear regression model 0.972 (0.957, 0.988) <0.001

Fitting model by two-piecewise linear regression

Inflection points of BMI (kg/m2) 25.78

< 25.78 0.920 (0.893, 0.949) <0.001

≥25.78 1.014 (0.989, 1.039) 0.279

P for log-likelihood ratio test < 0.001

Table 6.  The result of two-piecewise linear regression model. Adjusted age, sex, perioperative bleeding, 
hypertension, DM, smoking status, HGB, Scr, ASA score, total transfusion, cardiac disease, cerebrovascular 
disease, intestinal ischemia, cardiac complications, pulmonary complications, embolus, smoking status.

 

Fig. 5.  The nonlinear relationship between BMI and all-cause mortality in patients undergoing EOAR.
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relationship between morbid obesity and the long-term prognosis of EOAR patients. This discrepancy is likely 
due to the narrower BMI range in our study, with only a small number of patients classified as morbidly obese. 
Specifically, only 90 patients in our study had a BMI greater than 35 kg/m², and 20 patients had a BMI greater 
than 40 kg/m², accounting for 2.7% and 0.59% of the total cohort, respectively. In contrast, the VQI cohort 
studies included 810 patients with a BMI > 35 kg/m² and 229 patients with a BMI > 40 kg/m², representing 8.5% 
and 2.4% of their respective cohorts. Additionally, the primary endpoints investigated in our study differed 
from those in previous studies. Our study focused on long-term mortality (15-year all-cause mortality), whereas 
previous studies primarily examined 30-day postoperative mortality. Furthermore, differences in gender 
distribution, study period, and adjustment factors are also potential reasons for the discrepancies. This study 
examined BMI both as a categorical and continuous variable to understand its link with postoperative all-
cause mortality in patients following EOAR, minimizing data loss and quantifying this relationship. Sensitivity 
analyses specifically focused on participants without reported cardiac disease, DM, or hypertension, reaffirming 
the association within this subset of participants and bolstering the reliability of our findings. In conclusion, our 
results emphasize considering BMI in the preoperative evaluation of patients scheduled for EOAR. Underweight 
patients may necessitate enhanced monitoring and personalized nutritional support to improve outcomes. 
Overweight and obese patients might not immediately require weight reduction, offering healthcare providers 
guidance for handling weight in patients needing elective AAA surgery. Nonetheless, this does not endorse 
obesity but highlights the nuanced and complex connection between BMI and prognosis in specific medical 
and surgical contexts. However, whether morbid obesity has a negative impact on the long-term survival of 
EOAR patients still requires further exploration through large-sample studies. This study corroborates a negative 
relationship between BMI and postoperative mortality in patients undergoing EOAR, highlighting the obesity 
paradox. Although the mechanisms driving this phenomenon remain elusive, several potential explanations 
exist. Firstly, obese individuals generally have greater fat, muscle mass, and metabolic reserves. These reserves 
can supply additional energy and nutrition during recovery from illness or surgery, enabling better management 
of acute stress, a benefit lacking in underweight patients43,44. Secondly, obesity may be linked to elevated levels 
of certain anti-inflammatory cytokines, potentially offering protective effects in specific disease conditions. 
For instance, adipokines like leptin and adiponectin might influence immune regulation45,46. Lastly, obese 
patients may receive more intensive postoperative care and monitoring, potentially enhancing their prognosis. 
Previous study has confirmed that obese patients undergoing AAA repair have higher rates of wound infections 
and other complications42. However, our study found no significant differences between obese and normal-
weight participants in terms of postoperative complications such as intestinal ischemia, embolism, pulmonary 
complications, and cardiac complications among patients undergoing abdominal aortic aneurysm repair. This 
may be due to the relatively small number of obese participants in our study. 

 Additionally, a multivariable Cox proportional hazards regression was utilized to explore the connection 
between categorized BMI and postoperative mortality. The varying levels of significance observed for obese 
patients across different models can be attributed to the following factors: Sample Size and Statistical Power: 
The proportion of obese patients in our study was relatively small, which may have limited the statistical power 
to detect significant associations in some models, particularly when additional confounders were introduced. 
Impact of Confounders: Model II adjusted for only two confounders, age and gender. This limited adjustment 
may not have fully accounted for other factors influencing the relationship between obesity and outcomes in 
EOAR patients, resulting in a relatively attenuated effect of obesity. In contrast, Model III incorporated a broader 
range of clinically relevant confounders, which may have allowed for a more precise estimation of the obesity 
effect, thereby regaining significance. Model IV applied a smoothing adjustment (GAM), further modifying 
how confounding variables were accounted for. It is worth noting that, despite the lack of statistical significance 
in some models, the overall effect size and trend remained consistent across the models. Taking normal weight 
as the baseline, the adjusted model yielded a HR of 1.626 for underweight patients, 0.818 for those overweight, 
and 0.842 for obese individuals. This reveals a declining trend in postoperative mortality risk from underweight 
to obese patients undergoing EOAR, with comparable outcomes for overweight and obese categories. These 
findings hint at a possible non-linear association between BMI and postoperative mortality in those undergoing 
EOAR. Consequently, we employed a Cox regression model with smoothed curve fitting to confirm a saturation 
curve effect between BMI and postoperative mortality. The critical BMI point was determined to be 25.78 kg/m². 
Below this threshold, each 1 kg/m² increase in BMI corresponded to an 8% reduction in postoperative mortality. 
Conversely, above 25.78 kg/m², there was no significant correlation. Essentially, as BMI rose, mortality decreased 
until leveling off at about 25.78 kg/m². Identifying a curvilinear relationship between BMI and postoperative 
mortality in patients with EOAR holds substantial clinical significance, offering targeted guidance for clinical 
decisions. Specifically, for patients with a BMI below this threshold, careful consideration of surgical risks versus 
benefits is recommended, or an improvement in nutritional status should be pursued before proceeding with 
surgery. 

 This study boasts several key strengths. Firstly, it employs both categorical and continuous BMI as 
independent variables to evaluate their association with postoperative mortality in patients undergoing 
EOAR. This dual approach minimizes information loss and allows for a more precise quantification of the 
relationship. Secondly, the study effectively addresses missing data through multiple imputation techniques, a 
method known for boosting statistical power and reducing bias from absent covariate data. Thirdly, compared 
to previous studies, our research has made significant improvements in handling non-linearity. Additionally, 
we performed extensive sensitivity analyses to verify the consistency of our results. These analyses involved 
re-evaluating the BMI-postoperative mortality relationship after excluding participants with conditions such as 
diabetes, hypertension, and heart disease. Moreover, E-values were computed to gauge the influence of potential 
unmeasured confounders, further affirming the robustness of our conclusions. 
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 Be aware of potential limitations. Firstly, the participants were exclusively Danish, which raises questions 
about the generalizability of the findings to other ethnic groups, necessitating further validation. Secondly, BMI 
was recorded only at the time of admission, with no follow-up measurements. Consequently, any changes in 
BMI post-discharge or due to behavioral changes remain unknown, highlighting an area for future investigation. 
Thirdly, in this study, the number of participants with a BMI over 35 kg/m² was very small, which limited our 
ability to investigate the relationship between extreme BMI and the long-term prognosis of EOAR patients. 
Whether morbid obesity negatively impacts the long-term survival of EOAR patients still needs to be further 
explored through large-sample studies. Fourth, as with all observational studies, despite controlling for known 
confounders, there may still be unaccounted or unmeasured confounding variables. Additionally, this study 
is a secondary analysis of existing data, limiting the ability to adjust for variables not included in the dataset, 
such as waist circumference and medication use. However, we calculated the E-value to assess the potential 
influence of unmeasured confounders, suggesting that such factors are unlikely to account for the observed 
results. In addition, the original data only provided information on all-cause mortality and did not include 
detailed cause-of-death information, which limited our ability to conduct further analysis. In future studies or 
collaborations with other researchers, we will strive to collect more detailed cause-of-death information to better 
understand the impact of surgical and disease-related factors on mortality. Lastly, being an observational study, 
it cannot establish a causal link between BMI and postoperative mortality in patients undergoing EOAR, but 
only establish an association between the two. 

Conclusions
 This study demonstrated a negative relationship between BMI and postoperative mortality in patients undergoing 
elective open abdominal aortic repair, thereby supporting the obesity paradox. Importantly, the association 
between BMI and postoperative mortality in these patients is non-linear. Specifically, a BMI below 25.78 kg/
m² is linked to higher mortality rates, where lower BMI corresponds to increased risk, whereas overweight 
and obese individuals show a diminished mortality risk. This provides a reference for clinical decision-making, 
suggesting that for patients with a BMI below approximately 25 kg/m², the risks and benefits of surgery should 
be carefully balanced, or surgery might be postponed to improve nutritional status, ultimately enhancing patient 
prognosis.

Data availability
The data is accessible for download from the PLOS ONE database at the following URL: ​h​t​t​p​s​:​/​/​j​o​u​r​n​a​l​s​.​p​l​o​s​.​o​
r​g​/​p​l​o​s​o​n​e​/​​​​​.​​
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