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Background: Significant changes in Western populations’ abdominal aortic aneurysm (AAA) epidemiology have been reported
following the introduction of screening, endovascular AAA repair, and reduced tobacco consumption. We report incidence and
mortality of AAA repair in Denmark from 1996 to 2018, where AAA screening was not implemented.

Methods: Nationwide cohort study of prospective data from population-based Danish registries covering 1996 to 2018. We identified
15,395 patients undergoing first-time AAA repair using the Danish Vascular Registry. Comorbidity was assessed by Charlson’s
Comorbidity Index (CCI). Incidence rate (IR) ratios and mortality rate ratios (MRR) were estimated by multivariable Poisson and Cox
regression, respectively.

Results: Overall AAA repair IR decreased by 24% from 1996 through 2018, mainly reflecting a 53% IR reduction in ruptured AAA
repairs in men. Overall, the IR decreased 52-63% in age groups below 70 years and increased 81% among octogenarians. The
proportion of intact AAAs repaired endovascularly increased from 2% in 1996-1999 to 42% in 2015-2018. For both ruptured and
intact AAAs the CCI score increased by 0.9% annually independently of age and sex. The adjusted five-year MRR in 20162018
vs.1996-2000 was 0.46 (95% confidence interval (CI): 0.39-0.54) following ruptured and 0.51 (95% CI: 0.44-0.59) following intact
AAA repair.

Conclusion: In Denmark, overall AAA repair incidence decreased between 1996 and 2018, primarily reflecting a reduction among
males and a shift to an older population requiring intervention. These trends mirror changes in tobacco consumption in Denmark.
Regardless of age and comorbidity, AAA repair mortality decreased markedly during the study period.
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Introduction

Abdominal aortic aneurysm (AAA) is a frequent and potentially fatal condition that predominately affects males with
a prevalence of 1.3-5% in men aged 65-75 years.' * Recent studies report decreasing prevalence in UK and Sweden,' -
in contrast to stable or even increasing prevalence in Denmark.>*® AAA rupture is fatal in more than 80% of cases.’
Only a minority of ruptured AAA patients reaches the hospital alive, and those who undergo emergency repair have

a 30-50% mortality within 30 days.®'® Preemptive measures such as open- or endovascular AAA repair are effective.
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Number needed to treat with elective AAA repair to avoid one death is three.'""'*> However, open AAA repair is
associated with significant risks of death and ischemic events.'*'* Historically, the threshold for elective open AAA
repair was set at AAA diameters above 5.5 cm in men and 5.0 cm in women, balancing the risk of rupture with the risks
of open surgery. Since the introduction of endovascular AAA repair (EVAR) in 1990, the technology has undergone
significant advancements while the AAA diameter threshold for repair has been maintained.”-'>' Initially, EVAR was
primarily reserved for high-risk patients, but it has become increasingly utilized as a first-line treatment option due to
improvements in techniques and patient and surgeon preferences.®'® Meta-analyses have shown that there is a state of
equipoise of long-term mortality between endovascular and open repair for patients with anatomical suitability for both
options.'” The optimal surgical approach is thus unsettled.'®

Considering the shifting prevalence of AAA, changing treatment strategies, and the associated risks,'*"*

this study aimed
to provide novel Danish nationwide data to inform the design of future screening programs, trials, and observational studies.
This included data of AAA repair incidence and mortality for sample size calculations and determination of inclusion criteria.
In addition, the study also examined the impact of sex, age, and Charlson’s comorbidity index (CCI) on these outcomes, as
these factors play a significant role in both the incidence and mortality of AAA. The findings of this study will contribute to
a better understanding of the epidemiology of AAA and inform future research in this field. In a related manuscript, we have

also documented the epidemiology of occlusive lower extremity artery disease repair in Denmark from 1996 to 2018.!

Methods
Study Design and Setting

This is a nationwide, longitudinal cohort study on prospectively collected data from the Danish Vascular Registry (DVR) and
population-based medical and administrative registries.22 The Danish National Health Service ensures tax-supported health-
care to all Danish citizens. The Danish Civil Registration System (CPR) assigns each citizen a unique ten-digit personal
identifier that enables individual-level linkage across registries.> The Danish population was 5,781,190 persons in 2018.

Study Population

We used the DVR to identify Danish patients undergoing first-time “index” aortoiliac aneurysm repair from January Ist, 1996
to December 31st, 2019. The DVR is the first nationwide Danish surgical database. It was established for quality improvement
and research purposes and contains prospective data on all vascular procedures since January 1st, 1996.>* Patient data are
registered prospectively by the vascular surgeon with either direct data entry into the DVR, or into a paper chart which is later
transferred to the DVR. Validation of the DVR has shown an external validity of 98.4% for AAAs and a high data quality
superior to local administrative data.>>>® The CPR was used to add information on sex, age, vital status, and migration, and
was last updated on October 31st, 2019. From the Danish National Patient registry (DNPR), we gathered information on all
somatic inpatient hospitalizations since 1977 and all hospital outpatient and emergency visits since 1995, including discharge
diagnoses according to the International Classification of Diseases [Eighth Revision (ICD-8) until 1993 and Tenth Revision
(ICD-10) hereafter].”” The DNPR data set was updated December 31st, 2018. We also present smoking prevalence data
extracted from a Danish Cancer Society review on smoking surveys in Denmark since 1953.%%

Inclusion was based on the DVR, which exclusively registers operations/procedures, and the criteria were i) operation
code for aortoiliac reconstruction (Scandinavian coding system: PDG10-99, PDH10-35, PDQ10-30), ii) indication being
either ruptured AAA or intact AAA (symptomatic or elective), iii) age above 40 and below 100 years. The age cut off has
been used as inclusion criteria in randomized trials and was chosen to fit the general vascular surgery target population.”’
To ensure all patients were AAA repair naive at our study base, we excluded patients with AAA surgery before 1996
using the DNPR. Patients were also categorized into two groups based the technique, open (ie, surgical) vs endovascular
AAA repair. Patients who received conservative management for AAA were not included in this study.

We used the same methods in this study as in a accompanying manuscript on occlusive lower extremity artery disease
repair, with the exception that patients could only be included once in the current AAA study.”!
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Comorbidity

At baseline, patients were described by CCI score using both in- and outpatient records in the DNPR since 1977.°° We
exclusively used DNPR records concluded before the date of repair, which means that AAA diagnosed on the day of the
procedure or in ongoing outpatient records could not contribute to the CCI score. We grouped patients with a CCI score
of 0, 1, 2, or 3 and above, as having normal, moderate, severe, or very severe comorbidity, respectively. We chose

moderate CCI as the reference group because an AAA diagnosis accounts for one CCI point.

Mortality
We obtained vital status from the CPR and report 5-year survival following AAA repair. Five-year survival was the
primary analysis, as endovascular and open repair have a different short-term risk of death, but similar long-term.

Statistical Analyses

Ruptured and intact AAA patients were analyzed separately, and only aggregated for the incidence reporting. We
described the population by sex, age group (of six decades from 41 to 99 years), CCI group, and calendar period (5
intervals from 1996 to 2018). We exclusively included year 2019 in the age-and sex-standardized incidence plots.
Mortality was not compared between open and endovascular repair.

Based on the CPR, we identified residents aged above 40 and below 100 years as of January Ist from 1996 to 2019.
Using the DNPR, we computed each resident’s annual accrued CCI score. We then calculated i) person-years at risk for
AAA operation in the population as follow-up time resident in Denmark by age, sex, calendar year and CCI group; ii)
crude incidence rates (IRs) by calendar-period, age, sex and CCI, iii) annual IRs standardized to the year 2000 age and
sex composition of the Danish population by means of direct standardization; iv) and finally, incidence rate ratios (IRRs)
using a log-linear Poisson regression model including the covariates: calendar-period, age-category, sex, and CCI group,
offset by the logarithm of person-years at risk.

To compare the CCI of AAA patients to the Danish population, we calculated a mean observed CCI by each sex-,
age-, and calendar year-strata and standardized this to the Danish population’s corresponding strata of year 2000, as
reference. We then used Poisson regression to estimate CCI ratios with 95% confidence intervals. The same method was
applied to compare CCI ratios across age groups with persons aged 71-75 years as reference.

We used the Kaplan—Meier estimator to compute mortality risks for each calendar-period. Patients were censored five
years following the repair, on migration, or on October 31st, 2019, at the latest. Using Cox regression, we compared the five-
year mortality rate ratio (MRR, via hazard ratios for death) of each calendar-period. We present the crude MRR, and MRRs
adjusted for age, sex, CCI group, health care region, and stratified for repair technique (open vs endovascular repair). Visual
inspection of Schoenfeld residuals indicated no gross violation of the proportional-hazards assumption for any of the analyses.
In our secondary analysis, we also adjusted for smoking history, alcohol abuse, and care dependency and case priority. There
were only missing data in the secondary analysis’s discrete variables, and missingness was included as separate levels in these
covariates. We additionally computed 90-day sex specific MRR to aid the discussion of the results from other studies.

The adequacy of the models for estimating incidence and mortality were examined by tentatively adding an
interaction term between calendar year, as a linear predictor, and each of the remaining covariates. The effect of adding
an interaction term was assessed by the likelihood ratio test.

Ethics

The study was submitted to Region Zealand’s research-related processing activities record (record nr. REG-144-2017)
and approved by Statens Serum Institute compliance (journal no: 21/00805). No permission from the Danish Ethical
Committee was required as the study did not involve contact with study participants. The accessed data complied with

relevant data protection and privacy regulations.
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Results

Incidence

We identified 15,395 first-time incident AAA repairs, see study flow chart in eFigure 1 of the supplemental material. Figure 1A
shows the trend in sex- and age-standardized IR of AAA by repair type. Overall, the IR declined by 24% from 25.1 (95% CI,
23.2-27.1) per 100,000 person-years in 1996 to 19.1 (95% CI, 17.4-20.9) per 100,000 person-years in 2018. This decrease
was primarily attributable to a reduction of ruptured AAA repair from 8.1 to 4.0 per 100,000 person-years (IRR, 0.48; 95% ClI,
0.39-0.60), whereas the intact AAA repair IR was reduced from 17.0 to 15.1 per 100,000 person-years (IRR, 0.89; 95% ClI,
0.78-1.01). Intact AAA repair demonstrated a transient increase in IR from 2002 to 2011 which coincided with the
introduction of endovascular AAA repair and an IR increase in persons aged 71-90, eFigures 2 and 3.

Figure 2 shows the adjusted IRR by sex, age group, and CCI group along with the crude IR for each parameter. When
adjusting the IR for sex, age and CCI group, a 20% IR reduction was demonstrated for intact AAAs from 1996-1999 to
20152018 (IRR, 0.80; 95% CI, 0.75-0.85). For both intact and ruptured AAA repair, the IR peaked in age group 71-80
years. Females had 81% lower incidence of intact and 88% lower incidence of ruptured AAA repair compared with
males. Intact AAA repair was rare among persons registered with normal CCI (IRR, 0.04; 95% CI, 0.04-0.05), and most
frequent in the population with very severe CCI (IRR, 1.29; 95% CI, 1.22—1.34), compared to moderate CCI. The IR of
ruptured AAA repair was most frequent in the population with moderate CCI.

Incidence Trend by Age

Figure 1B shows the trend in age-specific IRs of all AAA repairs in five-year age intervals. From 1996 to 2018, the sex
adjusted IR for all AAA repairs was more than halved for persons aged 51-70 years, remained largely stable for persons
aged 71-80 years, and increased by 81% persons aged 81-90 years ([IRRs;_¢0, 0.37; 95% CI, 0.23 — 0.58]; [IRRg;_70,
0.48; 95% CI, 0.40 — 0.58]; [IRR7;.gg, 0.95; 95% CI, 0.81 — 1.12]; [IRRg;.90, 1.81, 95% CI, 1.27 — 2.59]). This age
heterogeneity was significant for both intact and ruptured AAA repairs (p interaction < 0.001, eTable 1).

Incidence Trend by Sex

Figure 3 shows the sex-specific trends in AAA repair IR, adjusted for age. For all AAA repairs, the average annual IR
reduction throughout the study period was most pronounced in men ([annual IRR 4165, 0.98; 95% CI, 0.98-0.98]; [annual
IRR germates, 1-00; 95% CI, 1.00-1.01]; p interaction = 0.001). While this sex disparity was marked in ruptured AAA repair
([annual IRR,1e, 0.96; 95% CI, 0.96-0.97]; [annual IRR fea1es, 0.98; 95% CI, 0.97-1.00]; p interaction < 0.001), we
could not discern any sex heterogeneity in the IR trend for intact AAA repair (p interaction = 0.45).

Patient Characteristics

Table 1 shows the baseline characteristics of patients operated for ruptured (n = 4508) and intact (n = 10,887) AAA.
Notably, more ruptured AAA patients had a normal CClI-score 38% vs 5.4% of intact AAA patients. History of cardio- or
cerebro-vascular (50%) and chronic pulmonary (23%) disease was common among AAA patients. Endovascular repair
was a rare technique for ruptured (2%) compared to intact (25%) AAAs. Baseline characteristics disaggregated by
calendar period are available in eTable 2 of the supplementary data.

From 1996 to 2018 the mean age increased by 3.9 years in intact and 2.5 years in ruptured AAA patients.

Figure 4 panel a shows the trend in CCI score by repair type and the Danish population, while panel b shows the relative
change in CCI per five-year age interval. The CCI score peaked in the octogenarians, for both AAA patients and the Danish
population, followed by a declining trend in persons aged above 90 years. The CCI varied less across age groups in AAA-
patients compared to the Danish population. The annual CCI increased by 0.9% among intact (95% CI, 0.7-1.1%) and by
0.9% in ruptured (95% CI, 0.5-1.3%) AAAs, set against 2.4% in the Danish population (CI 95%, 2.4-2.4%).

Mortality
Table 2 shows the 5-year mortality risk and 5-year the crude and adjusted MRR. Comparing 2015-2018 with 1996-1999, the
adjusted 5-year MRR was 0.51 for intact (95% CI, 0.44-0.59) and 0.46 for ruptured (95% CI, 0.39-0.54) AAA repair. Increasing
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Figure | Standardized incidence rate (A) and age specific incidence (B) for AAA repair in Denmark 1996-2019.

Notes: (A) Incidence rate standardized to the age and sex distribution of the Danish population aged above 40 and below 100 years in 2000. Dashed lines indicate the
incidence rate in the reference year 2000. Note, the 2019 data are exclusively used graphically in this plot and not in any tables or the result section, as we did not have
Danish National Patient Registry (DNPR) data for 2019. (B) age-specific incidence rates of total AAA repair by calendar year. The crude incidence rates per 100.000 person-
years are presented in each tile. Tiles are colored by each row (age band) in a red-yellow-green gradient from the highest value, red, to incidence rates of 50% of the highest
value, yellow, to incidence rate of 0% percent of the highest value, green.

age and CCI explained the difference between crude and adjusted MRR for both ruptured and intact AAA. Adjusting for
smoking, alcohol abuse, care dependency or priority at time of repair did not explain the mortality reduction, see ¢Table 3, and
even when we replaced missing parameters of these covariates with best- or worst-case scenarios (eg, non-smoker or smoker) the
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Intact AAA Cases Person-Years Crude IR per 100,000 IRR (95% CI)
Calendar year
1996 - 1999 1,529 9,800,052 15.6 (14.8-16.4) ° Reference
2000 - 2004 1,824 12,697,911 14.4 (13.7-15.0) - 0.85 (0.79-0.91)
2005 - 2009 2,499 13,392,843 18.7 (17.9-19.4) - 0.99 (0.93-1.06)
2010 - 2014 2,792 14,075,863 19.8 (19.1-20.6) o 0.93 (0.88-0.99)
2015 - 2018 2,243 11,712,246 19.2 (18.4-19.9) - 0.80 (0.75-0.85)
Age, years
41 -50 75 18,192,142 0.4 (0.3-0.5) ° 0.03 (0.03-0.04)
51 -60 849 16,844,751 5.0 (4.7-5.4) 0.26 (0.25-0.28)
61-70 3,961 13,398,250 29.6 (28.6-30.5) ° Reference
71-80 5,076 8,678,501 58.5 (56.9-60.1) - 1.49 (1.43-1.55)
81 -90 918 3,947,749 23.3 (21.7-24.8) * 0.56 (0.52-0.60)
91 -99 8 617,522 1.3(0.4-2.2) ° 0.04 (0.02-0.08)
Sex
Male 9,072 29,731,151 30.5 (29.9-31.1) ' Reference
Female 1,815 31,947,764 5.7 (5.4-5.9) 0.19 (0.18-0.20)
CCI group
Normal 589 43,644,149 1.3(1.2-1.5) ° 0.04 (0.04-0.05)
Moderate 3,972 8,162,109 48.7 (47.2-50.2) ° Reference
Severe 2,687 5,332,614 50.4 (48.5-52.3) - 0.97 (0.92-1.02)
Very Severe 3,639 4,540,043 80.2 (77.5-82.8) 1.29 (1.23-1.35)
Ruptured AAA Cases Person-Years Crude IR per 100,000 IRR (95% CI)
Calendar year
1996 — 1999 880 9,800,052 9.0 (8.4-9.6) ° Reference
2000 - 2004 1,114 12,697,911 8.8 (8.3-9.3) -o- 0.96 (0.88-1.05)
2005 — 2009 1,000 13,392,843 7.5 (7.0-7.9) - 0.78 (0.71-0.85)
2010 - 2014 907 14,075,863 6.4 (6.0-6.9) - 0.63 (0.57-0.69)
2015 - 2018 607 11,712,246 5.2 (4.8-5.6) - 0.46 (0.42-0.51)
Age, years
41 - 50 26 18,192,142 0.1 (0.1-0.2) ° 0.02 (0.01-0.02)
51 - 60 293 16,844,751 1.7 (1.5-1.9) 0.17 (0.15-0.20)
61 -70 1,395 13,398,250 10.4 (9.9-11.0) ® Reference
71 -80 2,088 8,678,501 24.1 (23.0-25.1) —— 2.24 (2.09-2.40)
81 -90 692 3,947,749 17.5 (16.2-18.8) —— 1.80 (1.64-1.97)
91 -99 14 617,522 2.3 (1.1-3.5) —— 0.31 (0.18-0.52)
Sex
Male 3,923 29,731,151 13.2 (12.8-13.6) ° Reference
Female 585 31,947,764 1.8 (1.7-2.0) . 0.12(0.11-0.13)
CCl group
Normal 1,727 43,644,149 4.0 (3.8-4.1) ° 0.46 (0.43-0.49)
Moderate 1,278 8,162,109 15.7 (14.8-16.5) ® Reference
Severe 746 5,332,614 14.0 (13.0-15.0) - 0.81 (0.74-0.89)
Very Severe 757 4,540,043 16.7 (15.5-17.9) - 0.77 (0.71-0.85)

T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

Figure 2 Incidence rate of Intact (top) and Ruptured (bottom) AAA repair.

Notes: Figure 2 shows the crude incidence rate (IR) and adjusted incidence rate ratio (IRR) with Forest plot of abdominal aortic aneurysm (AAA) repair. The IRRs were
computed by a multivariable Poisson regression model adjusted for calendar year, age group, sex, and Charlson’s comorbidity index (CCI) score. The CCl score was based
on records concluded before the date of the procedure, which meant that AAA diagnosed on the day of the repair, or in ongoing outpatient records, could not contribute to

Incidence rate ratio

the CCl score. Thus, some patients were characterized with normal CCI. The time trend in CCl-specific IR is plotted in eFigure 5.
Abbreviations: AAA, abdominal aortic aneurysm. CCl, Charlson’s comorbidity index. IR, incidence rate. IRR, incidence rate ratio. Cl, confidence interval.
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Figure 3 Sex-specific trends in age-standardized incidence rate of AAA repair in Denmark 1996-2017 (A) and smoking prevalence in Denmark 1953-2018 (B).
Notes: (A) Sex-specific trends in incident AAA repair, standardized to the age distribution of the Danish population in 2000. (B) displays the sex-specific trends in smoking
prevalence. Data were extracted from a Danish Cancer Society review on smoking surveys in Denmark since 1953.28

MRR changed by 0.01 or less. Due to frequent missing data in the beginning of the study period we did not include these
covariates in the primary analysis.

The 5-year mortality rate was also reduced in the Danish population aged 41-99 during the same period ([sex, age
and CCI adjusted MRR, 0.56; 95% CI, 0.56-0.56]; [sex and age adjusted MRR 0.72; 95% CI, 0.72-0.72], eFigure 4).

Mortality by Age and Sex
We found age heterogeneity in the improved survival during the study period following ruptured AAA repair, Figure 5
(IMRRg-90 yearss 0.72; 95% CI, 0.51-1.00)]; [MRR 7150 years» 0.44; 95% CI, 0.35-0.55]; [MRRg.70 years» 0.40; 95% CI,
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Table | Baseline Characteristics of Patients Undergoing Repair for Ruptured and Intact AAA in Denmark 19962018

Intact AAA (n=10,887) | Ruptured AAA (n=4508) | Total (n=15,395)
Age — mean (sd) 71.0 (7.3) 72.5 (7.9) 71.4 (7.5)
Male sex — no. (%) 9072 (83) 3923 (87) 12,995 (84)
Charlson’s comorbidity index group — no. (%)
Normal 589 (5) 1727 (38) 2316 (15)
Moderate 3972 (36) 1278 (28) 5250 (34)
Severe 2687 (25) 746 (17) 3433 (22)
Very Severe 3639 (33) 757 (17) 4396 (29)
Chronic pulmonary disease - no. (%) 2445 (22) 1053 (23) 3498 (23)
Diabetes — no. (%) 1225 (11) 425 (9) 1650 (I1)
Renal disease - no. (%) 368 (3) 108 (2) 476 (3)
Cardiovascular disease - no. (%)
Any 5554 (51) 2109 (47) 7663 (50)
Angina history 2680 (25) 823 (18) 3503 (23)
Stroke or TCI 1718 (16) 731 (16) 2449 (16)
CABG or PCI 1954 (18) 531 (12) 2485 (16)
Congestive heart failure 870 (8) 355 (8) 1225 (8)
Heart valve disease 548 (5) 170 (4) 718 (5)
Acute myocardial infarction 2139 (20) 782 (17) 2921 (19)
Pacemaker or ICD 446 (4) 119 (3) 565 (4)
Other 840 (8) 387 (9) 1227 (8)
Cancer history — no. (%) 1841 (17) 499 (I1) 2340 (15)
Care dependency - no. (%)
Independent 10,131 (93) 3572 (79) 13,703 (89)
Home care 547 (5) 317 (7) 864 (6)
Nursing home 28 (0) 88 (2) 116 (1)
Missing 181 (2) 531 (12) 712 (5)
Tobacco use - no. (%)
None 1790 (16) 705 (16) 2495 (16)
Previous (>6 weeks) 4225 (39) 907 (20) 5132 (33)
Current smoker 4527 (42) 1514 (34) 6041 (39)
Missing 345 (3) 1382 (31) 1727 (11)
Alcohol abuse - no. (%)
None 10,022 (92) 3628 (80) 13,650 (89)
More than > 5 units/day 216 (2) 131 3) 347 (2)
Missing 649 (6) 749 (17) 1398 (9)
Endovascular repair — no. (%) 2669 (25) 106 (2) 2775 (18)

Notes: Dependency, tobacco and alcohol history was based on the DVR. Other cardiac disease included: cardiomyopathy (DNPR); unspecified cardiac surgery
history with no current symptoms (DVR); AMI< 6 weeks, unstable angina or congestive heart failure (DVR); AMI> 6 weeks or asymptomatic arrythmia (DVR),
stable angina or heart medication (DVR). Full list of International Classification of Diseases-codes uses from the DNPR is available in the Supplementary Data.
When excluding non-melanoma skin cancer, the prevalence of patients with a history of any cancer was 4% in intact and 8% in ruptured AAA repair. 2020 (18%)

of intact AAA patients had symptomatic aneurisms. Less than 2% were iliac repair without aortic involvement in both groups.

Abbreviations: TCI, transient cerebral ischemia. CABG, Coronary artery bypass. PCl, Percutaneous coronary intervention. ICD, implantable cardioverter-
defibrillator. Data source for Charlson’s comorbidity index was the Danish National Patient Registry, DNPR. Other disease items were the union set of data in the

DNPR and the Danish Vascular Registry, DVR.
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Figure 4 Trend in Charlson’s comorbidity index score of AAA repair relative to the Danish population in calendar year 2000 (A) and relative to age group 71-75 (B).
Notes: (A) Trends in Charlson’s comorbidity index (CCI) presented as ratios standardized to the age- and sex distribution of the Danish (DK) population’s CCl in year
2000. (B) CClI presented as ratios standardized to calendar year and sex distribution of persons aged 71-75 years within each population (intact and ruptured abdominal
aortic repair, and the Danish population). For both panels, the bars indicate the 95% confidence intervals and were computed by Poisson regression including the covariates
calendar year, age, sex and CCl score. Compared to the Danish population over the study period, the age- and sex-adjusted CCl-score was 2.10-fold higher in intact (95%
Cl, 2.08-2.13) and |.21-fold higher in ruptured (95% CI, 1.18—1.25) AAA patients.
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Table 2 Five-Year Mortality Following AAA Repair in Denmark 1996-2018

Calendar Period No. of No. of Risk of Death % Mortality Rate Ratio (95% CI)
of Repair Deaths Patients (95% CI) . a
Crude Adjusted
Intact AAA
1996-1999 539 1529 35.3 (32.8-37.6) Reference Reference
20002004 584 1824 32.0 (29.8-34.1) 0.88 (0.79-0.99) 0.84 (0.74-0.94)
2005-2009 741 2499 29.7 (27.8-31.4) 0.80 (0.72-0.90) 0.67 (0.60-0.75)
20102014 678 2792 24.3 (22.7-25.9) 0.63 (0.56-0.71) 0.51 (0.46-0.58)
20152018 337 2243 24.7 (22.4-27.0)° 0.65 (0.56-0.74) 0.51 (0.44-0.59)
Ruptured AAA
1996-1999 555 880 63.1 (59.7-66.1) Reference Reference
20002004 716 1114 64.3 (61.3-67.0) 1.04 (0.93-1.16) 1.00 (0.90-1.12)
2005-2009 550 1000 55.0 (51.8-58.0) 0.81 (0.72-0.91) 0.76 (0.67-0.86)
20102014 474 907 52.3 (48.9-55.4) 0.71 (0.63-0.81) 0.64 (0.57-0.73)
20152018 207 607 39.7 (35.4-43.8)° 0.50 (0.43-0.59) 0.46 (0.39-0.54)

Notes: *Adjusted for age, sex, Charlson’s comorbidity index, health care region in a Cox regression stratified for open versus endovascular repair. In
2010-2014, 84 and |19 were censored, and in 20162018, 1906 and 400 were censored for intact and ruptured AAA, resp. ®For Calendar period 2015—
2018 the 5-yr risk of death was predicted using a univariable Cox model with calendar year 1996—1999 as the baseline hazard.

Abbreviations: CCl, Charlson’s comorbidity index. LEAD, lower extremity artery disease. PCl, percutaneous transluminal angioplasty.

0.28-0.57]; p interaction = 0.006). The decrease in mortality rate over calendar time was consistent across age groups for

intact AAA repair (p interaction = 0.43).

The adjusted five-year MRR in women vs men was 1.06 in intact (95% CI, 0.96—1.16) and 1.03 in ruptured (95% CI,
0.92-1.15) AAA repair, eTable 4. The crude five-year MRR indicated higher mortality in women ([MRR;,¢ace: 1.11; 95%
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Figure 5 Trends in five-year mortality rate ratio following AAA repair stratified by age.

toto¢

50
100
250
500
1000

51-60
61-70
71-80
81-90

184

https:

Dove!

Clinical Epidemiology 2024:16


https://www.dovepress.com/get_supplementary_file.php?f=427348.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Mgller et al

CIL, 1.01-1.22], [MRRyptyreda: 1.17; 95% CI, 1.05-1.31]), but adjusting for age alone explained the sex difference. Ninety
days following repair, the adjusted MRR was higher in women following intact, but not for ruptured AAA repair
(IMRRiytact, 1.29; 95% CI, 1.06-1.57], [MRRyptured> 1.03; 95% CI, 0.90-1.18]).

Mortality by Comorbidity

Compared with moderate comorbidity, severe comorbidity associated to an adjusted five-year MRR of 1.28 (95% CI,
1.16-1.42) following intact and 1.24 (95% CI, 1.10-1.39) following ruptured AAA repair; and very severe comorbidity
associated to an adjusted MRR of 1.90 (95% CI, 1.73-2.08) in intact and 1.51 (95% CI, 1.35-1.69) in ruptured AAA
repair, eTable 4.

Epidemiology of Endovascular Repair

The age- and sex-standardized IR of endovascular repair for intact AAA was less than 1.1 per 100.000 person-year
before year 2005 (Figure 1). It steadily increased from 2005 to 2011 and then stabilized at approximately 6.7 procedures
per 100.000 person-years from 2011 to 2018. The proportion of intact AAAs managed with endovascular repair increased
from 2% in 1996-1999 to 42% in 2015-2018.

Between 2005 and 2018, the mean age for endovascular repair patients was 73.8 years, compared to 70.6 years for
open AAA repair patients. The age, sex, and calendar year adjusted CCI for intact AAA patients was 2.21 (95% CI,
2.16-2.26)-fold higher in endovascular repair and 2.05 (95% CI, 2.02-2.09)-fold higher in open repair compared to the
Danish population during the study period.

Discussion

In this registry-based investigation of AAA repair epidemiology, we found a 24% decline in the overall AAA repair IR in
Denmark from 1996 to 2018, mostly attributable to a marked IR reduction of ruptured AAA repair in men. We observed
considerable age heterogeneity in the incidence change over calendar time with a decrease among persons aged below 75
years and an increase in those aged above 75 years. Comorbidity, defined according to CCI, increased independently of
age and sex during the study period. The adjusted five-year mortality rate was halved following intact and ruptured AAA
repair. In ruptured AAAs, the most significant mortality reduction was seen in the youngest age groups and was less
pronounced in the octogenarians. Age and CCI, but not sex, were strongly associated to 5-year mortality.

Incidence Findings in Relation to Other Studies

United Kingdom (UK) and Swedish registry data have also demonstrated a stable IR in intact AAA- and decreasing IR of
ruptured AAA — repair or hospital admission.'*>' Since the UK and Sweden have implemented AAA screening, it is
unclear how much of the IR reduction in AAA rupture is attributable to screening vs a reduction in patients risk factors
for AAA rupture. Since Denmark has not implemented screening yet, our data suggest that changes in patient risk factors
are contributing to the observed trends.

Additionally, our study highlights significant age and sex-heterogeneities in the IR trend, consistent with previous
research. In the UK, hospital admission incidence for AAA has decreased among patients below 75 years old and
increased among those above 75 years.>'~** Swedish registry data on ruptured AAA repair revealed a declining IR in men
but a stable IR among women.'® We propose that these findings can be explained by changes in smoking patterns, which
we will discuss it in detail below, although this is a theoretical notion and not directly supported by the study results.

During the 20th century, AAA was a disease rising in the US, UK, and Denmark, as evidenced by a surge in AAA-
related deaths.’®>> A later report covering 1994 to 2010 suggested a decline in the AAA-specific mortality in Western
countries, except for Denmark.>*>> One possible explanation for the reduced AAA-related mortality is the reduction in
tobacco use, as smoking is strongly associated with the development and expansion rate of AAA.**® The prevalence of
smoking among Danish men has been steadily decreasing since 1953, while it initially increased among women before
declining after 1970.%%%° We interpret, similar to what has been observed for lung cancer,* that a cohort effect of
smoking contributes to the age and sex heterogeneity in the trends of the AAA repair incidence observed in this study.
Specifically, a large proportion of persons born in the interwar period (1920-1940) were exposed to tobacco in the 1950s
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and 1960s at the age of 20-40 years. This explains the high incidence among the youngest age groups in the 1990s, and
as individuals from that birth cohort age over time, the highest incidence follows along, as reflected by the red colored
tiles in Figure 1B. Towards the end of our study period, the incidence was halved in the youngest age groups and doubled
in those aged >80 years. The latter may also reflect that surgeons accept increasing age for repair following advances in
repair technique and perioperative care. However, we believe that change in indications for repair only explain little of
the 52-63% IR reduction in persons aged 50—70 years because an expanding AAA cannot be treated conservatively.

Few risk factors specific for AAA expansion and rupture have been identified, with smoking and female sex being the
most significant.'>>” The considerable reduction in tobacco use among Danish men since 1950 likely explains the sex
heterogeneity in the change of ruptured AAA repair IR observed in this study. Alternatively, increased exposure to stress
and hypertension among of women entering the labor marked during the 20th century could also contribute.®* Previously
proposed environmental explanations for AAA development, such as carbon monoxide emission®' seems less plausible, as
this would likely affect both sexes equally. Increased utilization of abdominal radiography over the study period may have
detected AAAs coincidentally before rupture, causing a shift from ruptured to elective AAA repair. However, this is
unlikely to explain the sex heterogeneity, as this was seen for both ruptured and total AAA repairs.

The Use of Endovascular Repair in Relation to Other Studies

Endovascular repair was introduced during the study period and in 2018 around half of all intact AAA were treated with
endovascular repair. This differs from the US and Swedish practice where endovascular repair became the most
frequently used repair type in 2005 and 2009, respectively.®'® Compared with open intact AAA repair in our cohort,
patients undergoing endovascular repair were, on average, 3 years older and had a higher CCI score, independently of
age, sex, and calendar year. The use of endovascular repair for ruptured AAA was very rare in this cohort and is not
further discussed. The total AAA repair IR increased transiently from 2005 to 2010, which could be interpreted as either
more patients being invited for AAA repair due to the availability of the less invasive endovascular treatment, or due to
the occurrence of AAAs among birth cohorts from the interwar period with high smoking prevalence; like the observed
trend in first-time hospitalization for myocardial infarction in Denmark.*’

Mortality Findings in Relation to Other Studies

UK mortality statistics have also shown a 50% reduction in AAA- and aortic dissection-related deaths in persons aged
below 75 years and a 25% reduction in those aged 75 years or above.*' That mortality reduction was observed between
1997 and 2009, which coincides with the age-group separation we observed for ruptured AAAs. The reasons for the age
heterogeneity are unclear.>' The introduction of endovascular repair does not seem to explain our findings because this
was an exceedingly rare technique in ruptured AAAs. It appears that all age bands approach a 50% mortality rate
reduction but occurs with a delay in the oldest patients undergoing ruptured AAA repair, which could be a cohort effect,
eg, of smoking or unknown patient risk factors, such as social status. Another possible explanation is that AAA rupture is
a surgical emergency where the patient often encounters recurrent episodes of hypovolemic shock that puts high demand
on cardiovascular compensatory mechanisms to maintain tissue oxygenation. The physiological reserve decreases with
age, which makes it harder to achieve a 50% mortality reduction given the higher absolute mortality in the
octogenarians.*?

A WHO mortality database study 1994-2010 showed a global reduction in age-standardized AAA mortality, with a few
exceptions, including Danish women.”® Our study shows that the mortality trend has now reversed in females too. EU countries,
including the UK, have reported higher in-hospital mortality rates for women than men after elective AAA repair.*>** We also
found a higher 90-day mortality rate in females undergoing intact AAA repair, but five years following repair the evidence was
less firm, although the point-estimate indicated a 4-5% higher five-year mortality rate in females for both types of repair. Higher
female survival in the general population, may explain the difference in 90-day- and five-year MRR. As the repair-specific hazards
abate from 90-days to 5 years following repair, the female survival following AAA repair approaches that of men. It is worth
considering that the data from the UK and Sweden may be biased, as these countries introduced male AAA screening between
2006 and 2009. As a result, men scheduled for elective repair of a screening-detected AAA may be otherwise healthy, whereas
females are often referred for elective AAA repair due to co-existing disease, eg, cancer, that prompts the radiography disclosing
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the AAA. Notably, previous findings lack adjustment for comorbidity or have high missingness of comorbidity data.***** The
impact of female gender warrants further study and follow-up to inform the decision of when to pursue AAA repair, and whether
to screen for AAA in women,' 204546

We performed a survival analysis of the general Danish population aged 41-99 years, demonstrating a marked
mortality rate reduction during the study period. So, generally improved health and health care in the Danish population
may explain some, but not all, of the improved survival following AAA repair. Thus, there seems to be an excess

improved survival unique to the AAA population that needs further exploration.

Strengths and Limitations

Strengths of our study include the longitudinal design covering 23 years of data from well-validated registries that
enable individual-level linkage and estimation of comorbidity-specific incidences. AAA coding rules and classi-
fications were unaltered during the study period. Our estimates are comparable to other studies. Furthermore,
because screening is not implemented in Denmark, as opposed to the US, UK, and Sweden, our data provide
unique information on the trends in incident AAAs requiring repair in a country with a historically high smoking
prevalence where the incidence is not affected by screening programs.®® However, our results may have limited
the generalizability to countries that have implemented AAA screening.

Around 2010, the female AAA diameter threshold for repair was lowered from 5.5 to 5.0 cm, which likely affected the
incidence. However, a rather stable female incidence in both intact and ruptured AA A repairs suggests that it may have had limited
significance. The temporal CCI increase among AAA patients could partly be attributed to a greater tendency to register diagnoses
at discharge, even though the Danish healthcare system has included reimbursement for registration throughout the study period.

The CCI score will not capture all patient comorbidity, as this may be influenced by the patient’s inclination to seek medical
help. Chronic lung disease and diabetes managed exclusively in primary healthcare are not recorded in the Danish registries. The
higher CCI in intact vs ruptured AAA patients may reflect that intact AAA patients have undergone abdominal radiography for
other health-related reasons, potentially revealing the AAA before rupture and contributing to CCI points.

Clinical Implications and Conclusion

AAA:s also occur in non-smokers,’” but smoking shortens time to AAA development in genetically predisposed.** Combined
with increased life expectancy, AAAs requiring repair will continue to occur but will probably present at a higher age and
a reduced rate, especially in males. This may have important implications for the future hospital caseload, planning hospital
capacity, and the design and cost-effectiveness of screening programs. Given the marked mortality reduction, we observed,
continuous reevaluation of the threshold for AAA repair seems prudent.*” However, a proposed randomized trial assigning men
with AAAs 5.5 to 6.5 cm to treatment or watchful waiting lacked equipoise among surgeons.**

Our results should not discourage repair of ruptured AAA in the octogenarians. Survival of ruptured AAA has
improved in the elderly, but apparently with a delay/time-shift, indicating that mortality has decreased due to altered
patients risk factors more than due to changes in surgical technique or proficiency.

In conclusion, Danish AAA repair incidence is decreasing due to a reduction in males undergoing repair and a shift
toward treatment of an older population, which may be explained by a cohort effect. Both crude and adjusted mortality
was markedly reduced over the study period. Thus, reasons for the improved survival are unclear but likely include
generally increased longevity in the population.
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