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Derivation and Validation of a 10-Year Risk Score

for Symptomatic Abdominal Aortic Aneurysm
Cohort Study of Nearly 500000 Individuals
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BACKGROUND: Abdominal aortic aneurysm (AAA) can occur in patients who are ineligible for routine ultrasound screening. A
simple AAA risk score was derived and compared with current guidelines used for ultrasound screening of AAA.

METHODS: United Kingdom Biobank participants without previous AAA were split into a derivation cohort (n=401820, 54.6%
women, mean age 56.4 years, 95.5% White race) and validation cohort (n=83816). Incident AAA was defined as first hospital
inpatient diagnosis of AAA, death from AAA, or an AAA-related surgical procedure. A multivariable Cox model was developed in
the derivation cohort into an AAA risk score that did not require blood biomarkers. To illustrate the sensitivity and specificity of
the risk score for AAA, a theoretical threshold to refer patients for ultrasound at 0.25% 10-year risk was modeled. Discrimination
of the risk score was compared with a model of US Preventive Services Task Force (USPSTF) AAA screening guidelines.

RESULTS: In the derivation cohort, there were 1570 (0.40%) cases of AAA over a median 11.3 years of follow-up. Components
of the AAA risk score were age (stratified by smoking status), weight (stratified by smoking status), antihypertensive and
cholesterol-lowering medication use, height, diastolic blood pressure, baseline cardiovascular disease, and diabetes. In the
validation cohort, over 10 years of follow-up, the C-index for the model of the USPSTF guidelines was 0.705 (95% Cl,
0.678-0.733). The C-index of the risk score as a continuous variable was 0.856 (95% CI, 0.837-0.878). In the validation
cohort, the USPSTF model yielded sensitivity 63.9% and specificity 71.3%. At the 0.25% 10-year risk threshold, the risk
score yielded sensitivity 82.1% and specificity 70.7% while also improving the net reclassification index compared with the
USPSTF model +0.176 (95% ClI, 0.120-0.232). A combined model, whereby risk scoring was combined with the USPSTF
model, also improved prediction compared with USPSTF alone (net reclassification index +0.101 [95% ClI, 0.055-0.147]).

CONCLUSIONS: In an asymptomatic general population, a risk score based on patient age, height, weight, and medical history
may improve identification of asymptomatic patients at risk for clinical events from AAA. Further development and validation
of risk scores to detect asymptomatic AAA are needed.

Key Words: aneurysm ® prediction ® risk score

section of blood vessel, typically the aorta.'™ (around 50% in those who reach the hospital) because
Aortic aneurysms can occur anywhere in the  of catastrophic bleeding.'®® In the Oxford Vascular
aorta’s length, but abdominal aortic aneurysms (AAAs) Study, among 65- to 74-year-olds, the incidence was 5.5

a n aneurysm is a pathological distension of a  are associated with increased mortality if rupture occurs

Correspondence to: Paul Welsh, PhD, Institute of Cardiovascular and Medical Sciences, University of Glasgow, British Heart Foundation Glasgow Cardiovascular
Research Centre, Glasgow, United Kingdom. Email paul.welsh@glasgow.ac.uk

This manuscript was sent to Mary McDermott, Guest Editor, for review by expert referees, editorial decision, and final disposition.

“P. Welsh and C. E. Welsh contributed equally.

The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.120.053022.

For Sources of Funding and Disclosures, see page 613-614.

© 2021 The Authors. Circulation is published on behalf of the American Heart Association, Inc,, by Wolters Kluwer Health, Inc. This is an open access article under the
terms of the Creative Commons Attribution License, which permits use, distribution, and reproduction in any medium, provided that the original work is properly cited.

Circulation is available at www.ahajournals.org/journal/circ

604  August 24, 2021 Circulation. 2021;144:604-614. DOI: 10.1161/CIRCULATIONAHA.120.0563022


mailto:paul.welsh@glasgow.ac.uk

Welsh et al

Clinical Perspective

What Is New?

* A model based on US Preventive Services Task
Force guidelines yielded sensitivity of 63.9% and
specificity 71.3% in identifying patients who would
potentially benefit from ultrasound on the basis of
incidence of abdominal aortic aneurysm (AAA).

* In contrast, a model based on an AAA risk score,
with guidance to refer for abdominal ultrasound at a
threshold of 0.25% 10-year risk, yielded sensitivity
82.1% and specificity 70.7%.

* Asimple 10-year AAA risk score, using routine clini-
cal information without the need for blood tests,
therefore gives excellent discrimination of those at
risk of adverse outcomes from incident AAA.

What Are the Clinical Implications?

* More work needs to be done to develop and test dif-
ferent approaches to refer patients for AAA ultrasound
screening. These data suggest that risk score—based
approaches are potentially feasible in clinical practice.

Nonstandard Abbreviations and Acronyms

AAA
AlIC
ALP
ALT
AST
BMI
CRP
CVD
DBP
GGT
HDL
ICD

[o]|
LDL
Lp(a)
NHS
NICE
NRI
OPCS

PP
SBP
TRIPOD

USPSTF

Abdominal aortic aneurysm
Akaike information criterion
Alkaline phosphatase
Alanine aminotransferase
Aspartate aminotransferase
Body mass index (BMI)
C-reactive protein
Cardiovascular disease
Diastolic blood pressure
Gamma-glutamyl transferase
High density lipoprotein ()-cholesterol

International Classification of Diseases
and Related Health Problems

Interquartile interval

Low density lipoprotein cholesterol
Lipoprotein (a)

National health service

National Institute for Health and Excellence
Net reclassification index

Office of Population, Censuses and
Surveys: Classification of Interventions
and Procedures

Pulse pressure
Systolic blood pressure

Transparent reporting of a multivariable
prediction model for individual progno-
sis or diagnosis

US Preventive Services Task Force
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events per 10000 person-years in men and 1.1 events
per 10000 person-years in women.” Death from AAA
accounts for around 2% of all deaths in men aged 65
and over, and few clinical symptoms are noted in AAA
that subsequently rupture.

In the United Kingdom, a routine screening program
invites men in the year of their 65th birthday for abdomi-
nal ultrasonography, and more recent updates suggest
women of age 70 years and over be screened if they have
risk factors such as ever smoking, or if they have cardio-
vascular disease, chronic obstructive pulmonary disease,
peripheral arterial disease, hyperlipidemia, hypertension,
or a family history of AAA®? If an AAA of >b5.5 cm diam-
eter is detected, the patient is rapidly referred for surgical
intervention, with slower referral for smaller-sized AAA. In
2019, the US Preventive Services Task Force (USPSTF)
recommended screening for AAA in men aged 65 to 75
years who have ever smoked. The USPSTF recommends
against routine screening in women who have never
smoked and have no family history of AAA and states
that evidence is insufficient to recommend for or against
AAA screening in women with either history of smok-
ing or family history of AAA.'%'" Although not all interna-
tional recommendations agree on a precise screening
strategy, others are broadly similar.” Screening for
AAA in women has not been demonstrated to be clini-
cally effective.’® In considering balancing the risks and
benefits of screening, ultrasonography itself has high
sensitivity (94%-1000%) and specificity (98%—100%)
for the detection of AAA, although risk and benefits
of surgical intervention for smaller aneurysms must be
carefully considered®'" Although age-based screen-
ing thresholds in women may not be cost-effective,'
a more refined risk score based on systematic routine
clinical data may help improve clinical care.

This study aimed to use a large, well-phenotyped
United Kingdom database to develop, and internally vali-
date, an AAA risk score using simple clinical data. It was
hypothesized that such a risk score could more precisely
discriminate those at risk of adverse outcomes from AAA
than current approaches.

METHODS

Data Source and Cohort Selection
The data used in this study are available via UK Biobank
(https://www.ukbiobank.ac.uk/), subject to necessary approv-
als. UK Biobank is a large population-based cohort study of
502488 participants ranging in age from 37 to 73 years,
recruited between 2006 and 2010.'5'¢ All participants under-
went an assessment at 1 of 22 centers across England,
Scotland, and Wales, where touch-screen questionnaires
recorded health and lifestyle information, and a wide range of
biological measurements were taken.

Participants were excluded if they self-reported history
of aortic aneurysm, aortic dissection, or cerebral aneurysm
(n=447), or if participants had a hospital diagnosis of vascular
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disease (International Classification of Diseases, Tenth Revision
[ICD-10] codes 171-173, 177-179) before or within 30 days
after the UK Biobank assessment date (n=2969). After
further excluding 13436 participants with missing data for
covariates, there were 485636 participants with complete
data included in the study.

Implementation of the United Kingdom National Health
Service (NHS) screening policy for AAA in men aged 65 or
over was complete in most parts of the United Kingdom by late
2009." In this analysis, the data were divided into 2 sets, the
derivation and validation sets (ie, a holdout set). The deriva-
tion group was those participants who attended their baseline
assessment on or before December 31, 2009 (=401 820).
Those whose baseline assessment was on or after January 1,
2010 (n=83816) were used as a nonrandom holdout internal
validation cohort. The nonrandom design of the validation hold-
out cohort serves 2 purposes. First, it provides an estimate of
whether the risk score performs similarly once the new screen-
ing approach was implemented. Second, a nonrandom split may
be preferable as it reduces the similarity of the 2 sets of partici-
pants, thereby strengthening the intended validation.'®

UK Biobank received ethical approval from the North West
Multi-Center Research Ethics Committee (REC reference: 11/
NW/03820). All participants gave written informed consent
before enrollment, in accordance with the principles of the
Declaration of Helsinki. This project was performed under UK
Biobank project approval No. 42475.

Outcome

The NHS in the United Kingdom generates routine data on
admissions that includes details of all inpatient admissions
at all NHS hospitals, and these hospital records were linked
by anonymized numeric participant identification number to
UK Biobank participants.’®? All clinical data in the hospi-
tal inpatient data were coded according to the World Health
Organization's ICD-10 codes. All operations and procedures
were coded according to the Office of Population, Censuses
and Surveys: Classification of Interventions and Procedures
codes (OPCS-4). Dates and causes of death were obtained
from death certificates held by the NHS Information Center
for participants from England and Wales and the NHS Central
Register Scotland for participants from Scotland.

The outcome of interest was first hospital inpatient diag-
nosis of AAA or death from AAA (both based on ICD-10
codes 171.3 or 171.4), or an AAA-related surgical procedure
(Expanded Methods in the Data Supplement). The definition
of AAA-related inpatient diagnosis was therefore based on
diagnostic codes for AAA but did not relate to specific diag-
nostic criteria (such as aneurysm size). As a sensitivity analy-
sis to test performance of the model in discriminating the
most serious incident AAA cases, a composite outcome was
derived for death from AAA (ICD-10 codes 171.3 or 171.4) or
an AAA-related surgical procedure only. In deriving survival
models for each participant, the start of the period at risk
was the date of assessment, and the period at risk ended at
the first qualifying AAA event, or end of follow-up (June 30,
2020, in England; February 29, 2016, in Wales; October 31,
2017, in Scotland), whichever came first. For the 10-year risk
score, follow-up was curtailed to a maximum of 10 years for
each participant.
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Characteristics Associated With AAA Events

Characteristics considered for a simple AAA risk score (ie, a
score that does not involve the use of blood biomarkers, and
involves variables routinely collected in clinical data) were
age, sex, systolic blood pressure, diastolic blood pressure,
pulse pressure, smoking status, alcohol use, height, weight,
body mass index, baseline cardiovascular disease (CVD; hos-
pitalization with diagnoses including /CD-10 codes 120-125
and 160-169 occurring before the date of assessment), fam-
ily history of CVD (self-report of heart disease or stroke in
a mother, father, or sibling), baseline diabetes (self-reported
type 1 or type 2 diabetes, and those who reported using
insulin), chronic kidney disease, atrial fibrillation, rheumatoid
arthritis (self-reported), use of blood pressure—lowering med-
ication (self-reported), and cholesterol-lowering medications
(self-reported). Rheumatoid arthritis was included in the list
of potential characteristics associated with AAA because it is
a systemic inflammatory condition that may confer increased
risk of AAA2" A further AAA risk score, including the same
clinical variables as well as blood-based biomarkers, was
developed. Potential biomarkers tested for inclusion were
white blood cell count, platelet count, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, triglycerides,
lipoprotein(a) (Lplal), liver function tests (aspartate amino-
transferase, alanine aminotransferase, alkaline phosphatase,
and y-glutamyl transferase), glucose, cystatin-C, C-reactive
protein, and vitamin D. Blood collection sampling procedures
for the UK Biobank study have been previously described and
validated.?? Blood tests were performed at a dedicated cen-
tral laboratory, using rigorous quality control and external per-
formance monitoring. Further details of these measurements
and assay performances can be found in the UK Biobank
online showcase and protocol.??

Systolic and diastolic blood pressure were measured in each
participant, following a standardized protocol. The average of
2 measurements was used, preferentially using an automated
reading where available. Pulse pressure was calculated as sys-
tolic blood pressure minus diastolic blood pressure. Weight was
measured using a Tanita BC418MA body composition analyzer,
and body mass index was calculated as weight (kg)/height
(m).2 Smoking status was categorized as never, former, or cur-
rent smoker. Postcode of residence was used to determine the
Townsend socioeconomic deprivation index at recruitment??
Participants were asked, “What is your ethnic group?” and we
defined responses to this as race/ethnicity using categories of
White, Black, South Asian, or other.

For comparison with the AAA risk score, models of current
clinical practices for screening for AAA with ultrasonography
were as follows:

1. A model of current USPSTF guidelines (conduct abdomi-
nal ultrasound screening in men and women who have
ever smoked, and men who have cardiovascular disease,
at age 65-75 years)"!

2. A model of current UK National Institute for Health and
Excellence guidelines (conduct abdominal ultrasound
screening in all men at age 66 years, and in women at
age 70 years if they have ever smoked, or if they have
cardiovascular disease, chronic obstructive pulmonary
disease, peripheral arterial disease, hyperlipidemia, or
hypertension).

Circulation. 2021;144:604-614. DOI: 10.1161/CIRCULATIONAHA.120.0563022
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3. A hypothetical model whereby all men are screened at
age 65 years, and all women are screened at age 70
years. This model is intended to act a comparative clinical
approach where sensitivity is prioritized over specificity for
an age-based approach to referral for ultrasound.

Details of the definitions underpinning these models are

given in the Expanded Methods in the Data Supplement.

Statistical Analyses

Continuous variables are presented as mean and SD if approxi-
mately symmetrically distributed, and median and interquartile
interval (1Ql) if skewed. Categorical variables were presented
as counts and percentages. Each variable was tested for asso-
ciation with incident AAA, separately in derivation and valida-
tion cohorts, using an unpaired t test, the Wilcoxon rank-sum
test, or a 2 test as appropriate.

A forward model building process was implemented for the
‘AAA risk score” in the derivation cohort, starting with a model
including age, sex, and baseline CVD and comparing models
for improvement in Akaike information criterion (>10 U dif-
ference) on addition of new variables.2* Where there was evi-
dence of potential collinearity (such as with pulse pressure and
systolic blood pressure), the variable that fit the model better
was preferentially used. Continuous variables were first tested
for linearity of the association with AAA using restricted cubic
splines, log transforming the marker if required. If the asso-
ciation was not linear, the variable was categorized based on
turning or inflection points (this was only the case for diastolic
blood pressure, where a binary model split at 90 mmHg was
implemented). Once all variables had been tested and the vari-
ables for inclusion finalized, all potential pairwise multiplicative
interactions between retained variables were tested for addi-
tional inclusion, again on the basis of improving the Akaike
information criterion by >10 U. An additional AAA risk score
that included clinical variables and blood biomarkers (“AAA risk
score with blood biomarkers”) was an extension of the simple
AAA risk score, and tested model fit on addition of blood bio-
markers, in the same manner. The proportional hazard assump-
tion was tested by visual inspection of Schoenfeld residuals.
The final Cox models were then run separately in the validation
cohort. The predictive ability of the Cox models, over 10 years
of follow-up, was tested by Harrell's C-index separately in both
derivation and validation cohorts, using 2000 bootstraps. These
metrics were compared with the C-index from Cox models of
current clinical practice (which were time-varying models).

A 10-year AAA risk score was then derived from the Cox
models, using the derivation cohort. Predicted 10-year risk was
derived for each participant, using appropriate centering for
each continuous variable (median age 58 years, weight 76 kg,
height 168 cm). The calibration of the risk score was evalu-
ated separately in the validation and derivation cohort, over 10
years, using the stcoxgrp command, as previously described.?
A range of binary thresholds (chosen pragmatically based on
observed data) were considered as potential “high-risk” thresh-
olds to refer for ultrasound screening (specifically, thresholds at
0.25% 10-year risk, 0.3% 10-year risk, and 0.5% 10-year risk).
Using these thresholds, a range of sensitivities, specificities,
positive predictive values, and negative predictive values were
obtained. The 0.25% threshold was selected as the primary
threshold, based on maximizing the sum of observed sensitivity
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and specificity. The performance of these risk score thresholds
was compared with “current clinical practice” models described
in Characteristics Associated With AAA Events. We also mod-
eled a “combined approach” whereby all participants in the
cohort would be given an AAA risk score at baseline (refer-
ring those at 0.30% 10-year risk for ultrasound), and also in
parallel referring all participants for ultrasound according to the
above model of USPSTF guidelines. Binary net reclassification
index (NRI) was also assessed in comparing the performance
of specific risk score thresholds to the performance of current
clinical practice.

We followed recommendations for Transparent reporting
of a multivariable prediction model for individual prognosis or
diagnosis (TRIPOD) reporting guidelines for development and
validation.®® All analyses were performed in STATA (version
15.1) or in R (version 4.0.3) for C-index and NRI analyses.

RESULTS

Derivation Cohort

In the derivation cohort of 401820 participants (54.6%
women, mean age 56.4 years, 95.5% White, 1.3% Black,
2.0% South Asian, 1.3% other race) at baseline, 17.5%
of women and 20.0% of men were >65 years old, and
0.4% of women and 0.5% of men were >70 years old.
Over a median of 11.3 (IQI 10.7, 11.9) years of follow-up,
62.1% of women and 62.8% of men attained an age of
at least 65 years, and 43.3% of women and 44.6% of
men attained an age of at least 70 years.

There were 1570 (0.4%) incident cases of AAA over
the follow-up. Of 279 events in women, 107 (38.4%)
occurred before the age of 70 years, and of 1291 events
in men, 199 (16.4%) occurred before the age of 65
years (Figure 1). The mean age at which an AAA event
occurred was 70.8 years (SD 5.7 years) in women and
70.4 years (SD 5.5 years) in men.

The incidence of AAA was 3.6 (95% Cl, 3.4-3.7) per
10000 person-years, 1.1 (95% ClI, 1.0-1.3) per 10000
person-years in women, and 6.5 (95% ClI, 6.1-6.8) in
men per 10000 person-years. In participants aged <65
years at baseline, the incidence was 0.7 (95% CI, 0.6—
0.8) per 10000 person-years in women and 4.0 (95%
Cl, 3.7-4.3) per 10000 person-years in men. In partici-
pants aged 65 years or older at baseline, the incidence
was 3.4 (95% ClI, 2.9-4.0) per 10000 person-years
in women and 16.9 (95% Cl, 15.7-18.3) in men per
10000 person-years.

Participants diagnosed with AAA over the follow-up
were approximately 7 years older on average at baseline,
had a higher proportion of men, had a higher Townsend
socioeconomic deprivation index, were taller, and had a
more adverse general health profile including a higher
proportion of people who smoked, higher blood pressure
measurements (despite being more likely to take blood
pressure medication), a higher weight and body mass
index, a higher proportion of people with diabetes, and
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Men: age group (years)

Figure 1. Proportion (%) of incident abdominal aortic aneurysm (AAA) events by sex and by age at which event occurred, in

1291 men and 279 women within the derivation cohort.

a higher proportion of people on cholesterol-lowering
medication (Table 1).

Derivation, Calibration, and Discrimination of
the Clinical AAA Risk Score, and Comparison
With Current Clinical Practice

Factors associated with AAA included male sex, taller
height, a diastolic blood pressure >90 mmHg, and base-
line CVD, whereas baseline diabetes was associated
with lower risk of AAA (Table 2). There were also inter-
actions among other risk factors, which were allowed
for in the model (Table 2). Specifically, older age was a
risk factor, an association that was stronger in current
smokers. Heavier weight was a risk factor, an association
that was stronger in nonsmokers. Use of blood pressure
medication and use of cholesterol-lowering medication
were risk factors individually, as well as an interaction be-
tween them when taking both (Table 2). The clinical AAA
risk score was derived from these risk factors (Expanded
Methods in the Data Supplement).

Over 10 years of follow-up, current clinical practice
under the USPSTF guideline model yielded a C-index
of 0.738 (95% CI, 0.726-0.751) and had sensitivity of
69.2% and specificity 71.6% in referring participants
for abdominal ultrasound before AAA in the derivation
cohort (Table 3). The National Institute for Health and
Excellence guideline model yielded a C-index of 0.738
(95% Cl, 0.725-0.750) and had sensitivity of 72.5% and
specificity 63.4% in the derivation cohort (Table 3). The
hypothetical strategy to refer all men at age 65 years
and all women at age 70 years for ultrasound yielded a
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C-index of 0.737 (95% CI, 0.726—-0.749) and had sensi-
tivity of 78.3% and specificity of 54.8% in the derivation
cohort (Table 3).

The median 10-year predicted risk using the AAA
risk score was 0.10% (IQl 0.04%, 0.29%) in partici-
pants who did not experience AAA during follow-up.
The median 10-year predicted risk was 1.13% (IQl
0.40%, 2.37%) in those who experienced AAA dur-
ing follow-up. The C-index of the AAA risk score was
0.879 (95% CI, 0.870-0.888), and model calibration
based on a “high-risk” threshold at 0.25% 10-year
risk was good (Figure 2). A binary 0.25% 10-year
risk threshold for the AAA risk score had sensitivity
84.1% and specificity 72.1% (Table 3). Choosing a
higher risk score threshold (at 0.30% 10-year risk)
reduced sensitivity (79.7%) while improving specific-
ity (75.8%), whereas a still higher risk score threshold
(at 0.50% 10-year risk) further reduced sensitivity
(70.2%) while improving specificity (84.4%; Table 3).
A combination approach, encompassing a baseline
risk score (referring those at 0.3% 10-year risk) as
well as referring participants when they met USP-
STF guideline criteria, had sensitivity 85.1%, whereas
specificity was 63.2% (Table 3).

The overall categorical NRI was improved under all
AAA risk score threshold models compared with the
USPSTF guideline model (Table 4). Compared with the
USPSTF model, the risk score at any of the 3 thresh-
olds improved the overall NRI. Specifically, the AAA risk
score threshold at 0.25% 10-year risk improved both
the case NRI +0.149, and the noncase NRI +0.005
(Table 4).
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Table 1. Baseline Characteristics of 401820 UK Biobank Participants in the Derivation Cohort, and 83816 Participants in the

Validation Cohort, by Incident AAA Status (Using Variables Included in the AAA Risk Score) g
Derivation cohort Validation cohort 2
Variable Units No AAA (n=400250) | AAA (n=1570) No AAA (n=83533) | AAA (n=283) =
Age at recruitment Years 56.4 (8.1) 63.4 (5.1) 56.8 (8.1) 63.2 (4.9) E
Sex Male 181041 (45.2%) 1291 (82.2%) 37846 (45.3%) 237 (83.7%) E
Race/ethnicity White 382121 (95.5%) 1549 (98.7%) 75805 (90.7%) 273 (96.5%) g
Black 5016 (1.3%) 8 (0.5%) 2675 (3.2%) 4 (1.4%)
South Asian 7866 (2.0%) 10 (0.6%) 3073 (3.7%) 2 (0.7%)
Other or mixed race | 5247 (1.3%) 3 (0.2%) 1980 (2.4%) 4 (1.4%)
Townsend deprivation index Score units -1.39 (3.10) -1.11 (3.15) -1.03 (2.97) -1.02 (2.90)
Smoking status Never 220582 (55.1%) 327 (20.8%) 46804 (56.0%) 72 (25.4%)
Former 137548 (34.4%) 766 (48.8%) 28686 (34.3%) 144 (50.9%)
Current 42120 (10.5%) 477 (30.4%) 8043 (9.6%) 67 (28.7%)
BMI kg/m? 27.4 (4.8) 28.50 (4.5) 27.4 (4.8) 28.8 (4.4)
Standing height cm 168.4 (9.3) 173.1 (8.3) 168.6 (9.3) 173.6 (8.4)
Weight kg 779 (15.8) 85.6 (16.2) 78.2 (16.0) 87.1 (16.3)
SBP mmHg 137.9 (18.7) 144.2 (19.4) 1375 (18.5) 142.6 (16.6)
DBP mmHg 82.3 (10.2) 84.5 (11.2) 82.0 (10.05) 83.2 (10.0)
PP mmHg 55.6 (13.7) 59.8 (14.3) 55.5 (13.6) 59.4 (13.6)
Baseline CVD Yes 15200 (3.8%) 273 (17.4%) 3500 (4.2%) 58 (20.5%)
Family history of CVD Yes 226478 (56.6%) 966 (61.5%) 46113 (55.2%) 171 (60.4%)
Type 1 or type 2 diabetes Yes 20032 (5.0%) 144 (9.2%) 4665 (5.6%) 23 (8.1%)
Chronic kidney disease stage 3-5 Yes 645 (0.2%) 4 (0.3%) 115 (0.1%) 0 (0.0%)
Atrial fibrillation or flutter Yes 2710 (0.7%) 27 (1.7%) 567 (0.7%) 4 (1.4%)
Rheumatoid arthritis Yes 4466 (1.1%) 30 (1.9%) 816 (1.0%) 3 (1.1%)
Antihypertensive medication use Yes 80490 (20.1%) 726 (46.2%) 17247 (20.6%) 126 (44.5%)
Cholesterol-lowering medication use Yes 61666 (15.4%) 693 (44.1%) 14202 (17.0%) 116 (41.0%)

Townsend deprivation index is a postcode-based measure of socioeconomic deprivation, with higher scores indicating greater socioeconomic deprivation.?® Num-
bers are mean (SD) or n (%). In the derivation cohort, all variables significantly differ at /A<0.001, apart from chronic kidney disease (P=0.36) and rheumatoid arthritis
(P=0.003). In the validation cohort, all variables significantly differ at A<0.001, apart from race (F=0.008), DBP (F=0.049), Townsend deprivation index (F=0.98), family
history of CVD (P=0.078), diabetes (P=0.063), chronic kidney disease (P=0.53), atrial fibrillation (P=0.13), and rheumatoid arthritis (F=0.89). AAA indicates abdominal
aortic aneurysm; BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; PP, pulse pressure; and SBP, systolic blood pressure.

Validation of the AAA Risk Score and
Comparison With Current Clinical Practice

Over 10 years of follow-up, current clinical practice
under the USPSTF guideline model yielded a C-index
of 0.705 (95% Cl, 0.678-0.733) and had sensitivity of

The validation cohort (83816 participants, 54.6%
women, mean age 56.8 years, 90.8% White, 3.2%
Black, 3.7% South Asian, 2.4% other race) had dif-
ferent distributions of demographics and covariates
than the derivation cohort. Specifically, the validation
cohort was slightly older and more likely to be non-
White race; participants were slightly taller, weighed
slightly more, and were more likely to have baseline
CVD and diabetes than the derivation cohort (Table 1,
Table | in the Data Supplement).

In the validation cohort there were 283 (0.34%)
cases of AAA over a median of 10.2 years of follow-up
(1Ql, 10.1=10.3). The incidence of AAA in the validation
cohort was 3.4 (95% Cl, 3.0-3.8) per 10000 person-
years (similar to the derivation cohort).

Circulation. 2021;144:604-614. DOI: 10.1161/CIRCULATIONAHA.120.063022

63.9% and specificity 71.3% in the validation cohort
(Table 3). The National Institute for Health and Excellence
guideline model yielded a C-index of 0.719 (95% CI,
0.692-0.745) and had sensitivity of 71.4% and specificity
61.4% in the validation cohort (Table 3). The hypothetical
strategy to refer all men at age 65 years and all women
at age 70 years for ultrasound yielded a C-index of 0.724
(95% Cl, 0.701-0.747) and had sensitivity of 78.6% and
specificity 52.56% in the validation cohort (Table 3).

The median 10-year predicted risk was 0.11% (IQl
0.04, 0.31) in participants who did not experience AAA
during follow-up in the validation cohort. The median
10-year predicted risk was 0.94% (IQl 0.36, 1.92) in par-
ticipants who experienced AAA during follow-up. Over
10 years, the C-index of the risk prediction model was
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Table 2. Cox Proportional Hazard Model of Risk Predictors
for AAA, Using Variables Included in the AAA Risk Score, in
401820 Participants in the Derivation Cohort

Variable HR 95% ClI

Age in nonsmokers (per year increase) 1.130 1.116-1.143
Age in former smokers (per year increase) 1.147 1.1834-1.160
Age in current smokers (per year increase) 1.191 1.177-1.205
Weight in nonsmokers (per kg increase) 1.013 1.006-1.019
Weight in former smokers (per kg increase) 1.012 1.007-1.016
Weight in current smokers (per kg increase) 0.998 0.992-1.004
No BP or cholesterol-lowering medication use | Ref Ref
BP-lowering medication use alone 1.712 1.473-1.988
Cholesterol-lowering medication use alone 1.993 1.696-2.341
Cholesterol-lowering and BP medication use 2.180 1.897-2.506
Height (per cm increase) 1.021 1.012-1.029
Sex (female) Ref Ref

Sex (male) 2.685 2.271-3.175
DBP (< 90 mmHg) Ref Ref

DBP (> 90 mmHg) 1.5626 1.369-1.701
Baseline CVD (no) Ref Ref

Baseline CVD (yes) 1.802 1.5660-2.082
Baseline diabetes (no) Ref Ref

Baseline diabetes (yes) 0.755 0.630-0.904

AAA indicates abdominal aortic aneurysm; BP, blood pressure; CVD, car-
diovascular disease; DBP, diastolic blood pressure; HR, hazard ratio; and Ref,
referent group for categorical variables.

0.856 (95% CI, 0.837-0.878) in the validation cohort;
therefore, discrimination from the risk score was slightly
lower than in the derivation cohort. Calibration of the risk
score was also good in the validation cohort (Figure 2).
In the validation cohort, a threshold at 0.25% 10-year
risk had sensitivity 82.1% and specificity 70.7%. Higher-
risk score thresholds lowered sensitivity but increased
specificity (Table 3).

The categorical NRI was improved under the AAA
risk score model compared with the USPSTF guide-
line model in the validation cohort (Table 4). Specifi-
cally, the AAA risk score threshold at 0.25% 10-year
risk improved both the case NRI +0.182, but not the
noncase NRI =0.006 (Table 4).

Sensitivity Analysis of the AAA Risk Score

The AAA risk score was applied to composite outcome
of death from AAA or an AAA-related surgical procedure
only, to test discrimination of the most severe incident
AAA cases (Table Il in the Data Supplement). The AAA
risk score thresholds maintained similar sensitivity and
specificity to those observed for the primary AAA out-
come. The PPV was lower under all strategies (ie, the
risk score models and current clinical practice models)
because of the lower incidence of cases.
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Derivation and Validation of the AAA Risk
Score Including Clinical Variables and Blood
Biomarkers

In the AAA risk score including blood biomarkers
(N=309077 participants, n=1237 AAA events in the
derivation cohort; N=65591 participants, n=236 AAA
events in the validation cohort; Tables Il and IV in the
Data Supplement), diabetes was no longer included in
the predictive model, but higher C-reactive protein, high-
er low-density lipoprotein cholesterol, lower high-density
lipoprotein cholesterol, higher Lp(a), higher cystatin-C,
lower alanine aminotransferase, and lower platelet count
were all associated with increased risk of AAA (Table V
in the Data Supplement). Model discrimination was good
(Figure | in the Data Supplement), with a C-index in the
derivation cohort of 0.889 (95% CI, 0.881-0.899) and
a C-index in the validation cohort of 0.849 (95% ClI,
0.826-0.877). This suggests the AAA risk score includ-
ing blood biomarkers yielded similar discrimination to the
simple AAA risk score in the validation cohort (Tables VI
and VIl in the Data Supplement).

DISCUSSION

This study developed and validated a simple AAA risk
score, based on data available in routine primary care, for
estimating 10-year risk of AAA associated with adverse
outcomes in men and women. Using a model in which
“high-risk” was defined as a risk of at least 0.25% over
10 years, a risk score—based approach to refer patients
for abdominal ultrasound may detect asymptomatic AAA
with improved sensitivity and specificity, compared with
the existing clinical approaches based on age and sex.
This supports the notion that, with availability of simple
clinical information plus measures of weight, height, and
blood pressure, a simple computer-based algorithm may
be able to efficiently recommend referral for abdominal
ultrasound using a range of risk factors.

The rates of AAA reported here are in broad agree-
ment with other literature from similar cohorts. For exam-
ple, in the Oxford Vascular Study, among men and women
aged 65 to 74 years, the AAA incidence was 3.2 events
per 10000 person-years.” In UK Biobank, it was 3.6
events per 10000 person-years. These data are there-
fore likely identifying similar events to previous work. In
addition, the basic risk factors identified in UK Biobank
are entirely consistent with existing literature in that AAA
is associated with older age, male sex, high blood pres-
sure, smoking, baseline CVD disease, and height."?" In
particular, a separate meta-analysis also reported non-
linear association of diastolic blood pressure with AAA%
Associations of incident AAA with an adverse lipid pro-
file," poor renal function,?® and inflammation®® have also
been reported. The finding of a continuous association
of Lp(a) with AAA is consistent with previous meta-
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Table 3. Sensitivity, Specificity, Positive Predictive Value, and Negative Predictive Value of the Current Clinical Practice Mod-
els Compared With the AAA Risk Score at Selected Risk Thresholds

Sensitivity Specificity PPV NPV
Model Strategy (95% CI) (95% CI) (95% CI) (95% CI)
Derivation cohort (N at risk=401 820, n AAA cases over 10 yr=1241)
USPSTF Ultrasound men and women who have ever 69.2% 71.6% 0.75% 99.9%
smoked at age 65-75 y* (66.6%—-71.8%) (71.5%-71.8%) (0.70%-0.80%) (99.9%-99.9%)
Ultrasound men at age 65-75 y if they have
CvD*
NICE Ultrasound all men at age 66 y* 72.5% 63.4% 0.61% 99.9%

Ultrasound women at age 70 y if they have spe-
cific risk factors*t

(69.9%-75.0%)

(63.3%-63.6%)

(0.57%—0.65%)

(99.9%-99.9%)

Hypothetical strategy

Ultrasound all men at age 65 y and all women at
age 70y

78.3%
(75.9%-80.6%)

54.8%
(54.6%-54.9%)

0.53%
(0.50%-0.57%)

99.9%
(99.9%-99.9%)

Risk score Ultrasound at >0.5% 10-y risk at baseline 70.2% 84.4% 1.38% 99.9%
(67.6%-72.7%) (84.3%-84.5%) (1.29%-1.47%) (99.9%-99.9%)
Risk score Ultrasound at >0.3% 10-y risk at baseline 79.7% 75.8% 1.01% 99.9%
(77.3%-81.9%) (75.7%-75.9%) (0.95%-1.07%) (99.9%-99.9%)
Risk score Ultrasound at >0.25% 10-y risk at baseline 84.1% 72.1% 0.93% 99.9%

(82.0%—-86.1%)

(72.0%-72.3%)

(0.87%-0.98%)

(99.9%-99.9%)

Combination of guide-

lines and risk score

Ultrasound at >0.3% 10-y risk at baseline, or
when USPSTF conditions met

85.1%
(83.0%-87.0%)

63.2%
(63.1%-63.4%)

0.71%
(0.67%—0.76%)

99.9%
(99.9%-99.9%)

Validation cohort (N at risk =83816, n AAA cases over 10 yr=280)

USPSTF Ultrasound men and women who have ever 63.9% 71.3% 0.74% 99.8%
smoked at age 65-75 y* (58.0%-69.6%) (71.0%-71.6%) (0.64%-0.86%) (99.8%-99.9%)
Ultrasound men at age 65-75 y if they have CVD

NICE Ultrasound all men at age 66 y* 71.4% 61.4% 0.62% 99.8%

Ultrasound women at age 70 y if they have spe-
cific risk factors*t

(65.8%-76.6%)

(61.0%-61.7%)

(0.53%-0.71%)

(99.8%-99.9%)

Hypothetical strategy

Ultrasound all men at age 65 y and all women at
age 70y

78.6%
(73.3%—-83.2%)

52.5%
(52.2%-52.8%)

0.55%
(0.48%-0.63%)

99.9%
(99.8%-99.9%)

Risk score Ultrasound at >0.5% 10-y risk at baseline 68.6% 83.2% 1.35% 99.9%
(62.8%-74.0%) (82.99%-83.4%) (1.16%—-1.55%) (99.8%-99.9%)
Risk score Ultrasound at >0.3% 10-y risk at baseline 78.2% 74.3% 1.01% 99.9%
(72.9%-82.9%) (74.0%-74.6%) (0.88%-1.15%) (99.9%-99.9%)
Risk score Ultrasound at >0.25% 10-y risk at baseline 82.1% 70.7% 0.93% 99.9%

(77.1%-86.4%)

(70.3%-71.0%)

(0.81%-1.06%)

(99.9%-99.9%)

Combination of guide-

lines and risk score

Ultrasound at >0.3% 10-y risk at baseline, or
when USPSTF conditions met

83.2%
(78.3%—-87.4%)

62.1%
(61.8%-62.4%)

0.73%
(0.64%-0.83%)

99.9%
(99.9%-99.9%)

AAA indicates abdominal aortic aneurysm; NICE, National Institute for Health and Care Excellence; NPV, negative predictive value; PPV, positive predictive value;

and USPSTF, United States Preventive Services Task Force.

*Under the model, participants screened at minimum qualifying age. In those over the minimum specified qualifying age at baseline, participants are screened at

baseline (assuming any other qualifying conditions are also met).
tRisk factors specified in the Expanded Methods in the Data Supplement.

analysis of small studies showing that that Lp(a) may be
associated with AAA3" Recent phase 2 trial data show
that the drug AKCEA-APO(a)-LRx (also called TQJ230)
reduces Lp(a) substantially, with 80% to 90% reductions
in patients with established CVD and high Lp(a) levels,
and phase 3 trials are underway for CVD prevention.®?
This study further extends existing data by demon-
strating that simple and widely available measures can
help guide screening, by abdominal ultrasound, to those
that need it most. The information used in this risk score
can be easily and inexpensively ascertained by primary
care physicians, the patient's medical history, blood
pressure measurement, and other outline primary care

Circulation. 2021;144:604-614. DOI: 10.1161/CIRCULATIONAHA.120.063022

data. The option to include routine blood tests in the risk
score algorithm may also be of interest, but even a sim-
ple risk score based on routine clinical data without the
need for blood tests may help guide decision-making.
The analysis investigating a dual approach, where risk
scoring is conducted as well as age-based referral, sug-
gests improved sensitivity of the referral approach, while
only having a moderate impact on specificity. As such,
the thresholds reported here present several options to
maximize either sensitivity or specificity depending on
the specific health care setting.

There are time pressures on primary care physicians,
and the burden of risk scoring for various conditions is
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Figure 2. Abdominal aortic aneurysm risk score calibration in the derivation and validation cohort across 10 years of follow-up.
Curves are predicted survival experience by the risk score, and data points are observed survival with 95% Cl. Green curve represents the low-risk
group (those at <0.25% 10-year risk: N=289 081 participants, n=197 events in the derivation cohort; N=569 073 participants, n=50 events in the
validation cohort) and red curve the high-risk group (those at >0.25% 10-year risk: 112739 participants, n=1044 events in the derivation cohort;
N=24 743 participants, =230 events in the validation cohort).

considerable.®® Use of automated software to guide risk The strengths of this study include the use of a large,
scoring and treatment decisions in primary care, with  well-phenotyped population, and the use of a composite
minimal manual input, can be considered where possible.  outcome based on multiple data sources, thereby maxi-
The extra effort required to improve referral practices  mizing the sensitivity of detection. Internal nonrandom
should be viewed in the context of health care resources  validation of the final model was carried out to ensure
saved performing unnecessary ultrasounds. that it performed well in the cohort assessed after 2009,
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Table 4. Categorical NRI (Improvement in Decisions to Refer for Ultrasound: Correct Referral for AAA Cases, or Correct Non-
referral for AAA Noncases) Using the AAA Risk Score, at Selected Risk Thresholds, Compared With the USPSTF Model of Cur-
rent Clinical Practice Only

Model

Strategy

AAA case NRI (95% CI)

AAA noncase NRI
(95% CI)

Overall NRI (95% CI)

Derivation cohort (N at risk=401 820, n of AAA cases over 10 yr =1241)

Risk score Ultrasound at >0.5% 10-year risk 0.010 (-0.016, 0.035) 0.128 (0.127, 0.129) 0.138 (0.112,0.163)
Risk score Ultrasound at >0.3% 10-year risk 0.105 (0.080, 0.130) 0.042 (0.040, 0.043) 0.146 (0.121,0.171)
Risk score Ultrasound at >0.25% 10-year risk 0.149 (0.124, 0.174) 0.005 (0.003, 0.006) 0.154 (0.129, 0.179)

Combination of guide-
lines and risk score

Ultrasound at >0.3% 10-year risk at base-
line, or when USPSTF conditions met

0.159 (0.138, 0.179)

-0.084 (-0.084, —0.083)

0.075 (0.055, 0.095)

Validation cohort (N at risk =83816, n of AAA cases over 10 yr=280)

Risk score Ultrasound at >0.5% 10-year risk 0.046 (-0.009, 0.102) 0.119 (0.116, 0.122) 0.165 (0.110, 0.220)
Risk score Ultrasound at >0.3% 10-year risk 0.143 (0.088, 0.198) 0.030 (0.027, 0.033) 0.173 (0.118, 0.229)
Risk score Ultrasound at >0.25% 10-year risk 0.182 (0.126, 0.238) -0.006 (-0.010, 0.003) 0.176 (0.120, 0.232)

Combination of guide-

Ultrasound at >0.3% 10-year risk at base-

0.193 (0.147,0.239)

-0.092 (-0.094, —0.090)

0.101 (0.055, 0.147)

lines and risk score line, or when USPSTF conditions met

AAA indicates abdominal aortic aneurysm; NRI, net reclassification index; and USPSTF, United States Preventive Services Task Force.

ie, those where any diagnosis of AAA could have been
more likely after screening of eligible men. External vali-
dation and development of the risk score reported here
are now warranted in other cohorts.

This study has limitations. First, the outcome used to
generate the risk score algorithm was a composite of
incident AAA diagnosis in hospital, death from AAA, or
an AAA-related operation. Given the generally asymp-
tomatic nature of minor AAA, the composite outcome
is therefore more likely to represent large or ruptured
AAA. Second, no information on aneurysm size was
available in the data used in this study; therefore, this
information could not be incorporated. Third, although
UK Biobank participants are not representative of the
general population (and hence cannot be used to pro-
vide representative disease prevalence and incidence
rates), valid assessment of exposure-disease relation-
ships are nonetheless widely generalizable and do not
require participants to be representative of the popula-
tion at large.3* Fourth, UK Biobank has a high proportion
of White race participants, and therefore race/ethnicity
was not included in the risk prediction model, but may
still be an important risk factor. Fifth, the current clinical
practice models used here are only approximations of
real-life clinical practice. As such, the model is likely to
misclassify relative to real-life current screening prac-
tices; this would also be true if the risk score is applied
in real clinical settings. Sixth, there was no information
on which hospital AAA diagnoses occurred because
of routine screening in the validation cohort. However,
discrimination was similar in the derivation cohort and
validation cohort. Seventh, family history of AAA was
not available, information on which will further improve
AAA prediction in both current clinical practice models
and the AAA risk score.®® Eighth, there are no current
“high-risk” treatment thresholds for AAA screening; the

Circulation. 2021;144:604-614. DOI: 10.1161/CIRCULATIONAHA.120.063022

0.25% 10-year risk threshold (along with other potential
“high-risk” thresholds) was based on pragmatic thresh-
olds that illustrate a range of sensitivities and specifici-
ties. Other risk thresholds could also be derived from the
risk score. Last, the study did not investigate risk factors
that have an association with AAA but that are often not
routinely coded in primary care, such as physical activ-
ity.3¢ The causality of physical activity, and other risk fac-
tors, in the prevention of AAA require further study.

Conclusions

In an asymptomatic general population, a risk score
based on patient age, height, weight, and medical histo-
ry may improve identification of asymptomatic patients
at risk for clinical events from AAA. Further develop-
ment and validation of risk scores to detect asymptom-
atic AAA are needed.
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