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Abstract
Background: Abdominal aortic aneurysm (AAA) growth
is a complex process that is incompletely understood.
Significant heterogeneity in growth trajectories be-
tween patients has led to difficulties in accurately mod-
eling aneurysm growth across cohorts of patients. We
set out to compare four models of aneurysm growth
commonly used in the literature and confirm which best
fits the patient data of our AAA cohort. Methods: Pa-
tients with AAA were included in the study if they had
two or more abdominal ultrasound scans greater than 3
months apart. Patients were censored from analysis
once their AAA exceeded 5.5 cm. Four models were
applied using the R environment for statistical comput-
ing. Growth estimates and goodness of fit (using the
Akaike Information Criterion, AIC) were compared, with
p-values based on likelihood ratio testing. Results: Of
510 enrolled patients, 264 met the inclusion criteria,
yielding a total of 1861 imaging studies during 932
cumulative years of surveillance. Overall, growth rates
were: (1) 0.35 (0.31,0.39) cm/yr in the growth/time cal-
culation, (2) 0.056 (0.042,0.068) cm/yr in the linear re-
gression model, (3) 0.19 (0.17,0.21) cm/yr in the linear
multilevel model, and (4) 0.21 (0.18,0.24) cm/yr in the
quadratic multilevel model at time 0, slowing to 0.15
(0.12,0.17) cm/yr at 10 years. AIC was lowest in the
quadratic multilevel model (1508) compared to other

models (P < 0.0001). Conclusion: AAA growth was het-
erogeneous between patients; the nested nature of the
data is most appropriately modeled by multilevel mod-
eling techniques. Copyright © 2013 Science International Corp.
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Introduction

An abdominal aortic aneurysm (AAA) is a focal dila-
tation of the abdominal aorta, greater than 3 cm in
diameter or 1.5 times the diameter of the adjacent nor-
mal aorta. In clinical practice and in the UK AAA National
Screening Programme (http://aaa.screening.nhs.uk),
once the infrarenal aorta reaches 3.0 cm in its maximal
anteroposterior (AP) diameter, it is classified as aneurys-
mal. The event(s) that trigger AAA development remain
unknown. Important clinical risk factors include male
sex, smoking, hypertension, and a family history of the
condition [1]. Once established, AAA progressively
evolves toward rupture, which confers high mortality.

Rupture risk is positively associated with aneurysm
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size. Presently, the mainstay of clinical management
involves active monitoring, smoking cessation thera-
pies, and cardioprotective medication, with prophy-
lactic repair once the annual risk of rupture outweighs
the mortality risk of intervention. This intervention
threshold is currently set at 5.5 cm (on abdominal
ultrasonography) in otherwise fit patients, based on
randomized trial data [2]. Aneurysm screening is ef-
fective at reducing mortality from AAA rupture in men
and is being increasingly adopted in many developed
countries [3]. The recent report from the RESCAN col-
laborators suggests surveillance intervals could be
safely increased, with significant cost savings [4].

Aneurysm growth is a complex process that is not
necessarily linear and remains a relatively poorly ex-
plored area in the literature. Many authors have noted
significant heterogeneity in aneurysm growth patterns
between patients [5–7]. This has led to difficulties in
attempts to report pooled growth estimates for patient
cohorts [7]. A variety of growth modeling strategies have
been reported previously [8], but direct comparisons
within a single-center patient cohort are lacking. The
aims of this study were (1) to compare a range of models
to estimate aneurysm growth and (2) to confirm the
most appropriate modeling strategy for estimating
growth in a cohort of patients by testing the goodness-
of-fit of each model to data derived from our patient
cohort.

Materials and Methods

Patients
Consecutive patients referred to our institution, a university

hospital vascular surgery unit, serving a local population of
800,000 in the United Kingdom with a diagnosis of AAA between
January 1, 2003 and April 31, 2010 were invited to participate in
the Leeds Aneurysm Development Study (LEADS) on a voluntary
basis. The inclusion and exclusion criteria for LEADS have previ-
ously been reported [9–11]. Ethical approval was given by the
institutional ethics committee (Project Reference: 03/142). At re-
cruitment, all patients gave written, informed consent and com-
pleted a standardized health questionnaire which was adminis-
tered face-to-face by a research nurse (A.J.).

Imaging
Maximal aortic diameter in the anteroposterior plane was

measured with B mode abdominal ultrasound (USS) using an
Acuson Antares scanner (Siemens Healthcare, Malvern PA,
USA). Calipers were placed on the outer wall of the sac, pro-
ducing outer wall- to-outer wall (OTO) maximal aneurysm
diameter measurements, which reflected departmental prac-

tice during the study period. Scanning intervals were based on
the UK Small Aneurysm Trial [12], arranged by the clinician in
charge of the patient’s care. Enrollment in the study had no
impact on normal clinical care. Patients received surveillance
until they underwent aortic repair, died, or withdrew from the
study. Scans performed in our department prior to recruitment
were also included, with patient consent, and thus the earliest
imaging study dates from February 1994. All USS were per-
formed by experienced vascular sonographers; variability for
the department has been previously reported [13].

Inclusion and Exclusion Criteria
Patients from LEADS were included in the present study if

they had an infrarenal abdominal aortic aneurysm (defined as
an infrarenal aortic diameter � 3 cm or 1.5 times the diameter
of the adjacent aorta) and agreed to participate in the study
[10,11]. We only included imaging data from patients with two
or more USS performed a minimum of 3 months apart, while
the aneurysm was � 5.5 cm in maximal diameter for the
modeling comparisons. Patient data were censored from the
analysis once the aneurysm exceeded the 5.5 cm intervention
threshold on USS, as it is possible that growth patterns in large
aneurysms, above the intervention threshold, differ from those
beneath it, and this falls outside the remit of the present study.

Statistics
We applied four growth models to the data: (1) simple

growth/time analysis, (2) ordinary linear regression model, (3)
linear multilevel model (MLM), and (4) quadratic MLM. All models
were constructed by a biostatistician (P.B., T.J.) using the R envi-
ronment for statistical computing (www.R-project.org).

Simple growth/time analysis (1) involved dividing the differ-
ence between the first and last aortic diameters (centimeters) by
the length of time between the two measurements (years). An
ordinary linear regression model (2) [14] was fitted with aortic
diameter as the response element and time from the initial scan
as the predictor. A parametric, linear MLM (3) with two levels and
measurements nested within patients [15,16] was fitted by full
maximum likelihood, with aortic diameter as the response ele-
ment and time from the initial scan as the fixed predictor. A
random, normally distributed intercept term and a random, nor-
mally distributed slope term were added for each patient. A
quadratic MLM (4) [15,16] was also fitted using the same basic
structure as the linear MLM, with the addition of both a fixed
effect and a random, normally distributed slope term that were
quadratic in time (modeled up to 10 years).

Model comparisons were conducted using the Akaike In-
formation Criterion (AIC) together with p-values based on like-
lihood ratio testing. Lower values of AIC represent a more
parsimonious fit of the model to the data set and provide a
measure of how well the model represents the patient data on
which it is based. Data are presented as mean (95% confidence
intervals) or mean � standard deviation unless otherwise
stated. A p-value �0.05 was set as the predetermined level of
statistical significance.
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Results

Study Population
Five hundred and ten patients with AAA were en-

rolled in LEADS during the study period. Of these, 264
met the inclusion criteria for the present analysis. Data
were available from 1861 suitable imaging studies for
modeling comparison. Each patient contributed an
average of 7 � 3 USS measurements to the study
during 932 cumulative years of surveillance (mean
3.5 � 2.5 years/patient). The mean aneurysm size at
recruitment to the study was 3.8 � 0.7 cm, increasing
to 4.7 � 0.7 cm at the end of the study period. The
mean age of the study population was 74 � 2 years at
recruitment; 81% were men. The results of the medical
questionnaire are provided in Table 1. As expected,
there was a high proportion of hypertensive ex-
smokers (mean pack years smoked, 43) with a range of
cardiovascular comorbidities. Of these, 197 of 264
(74.6%) were receiving antiplatelet therapy, 175 of 264
(66.3%) statins, and 181 of 264 (68.6%) at least one
antihypertensive medication (beta blockers, angioten-
sin converting enzyme inhibitors, angiotensin II recep-
tor antagonists, or calcium channel blockers).

Growth Modeling Estimates
As expected, aneurysm growth was heterogeneous

across the study population. Illustrative scatter plots of
patients exhibiting slow, moderate, and rapid aneurysm
growth are provided in Figure 1. Overall growth esti-

mates for the cohort by model were: (1) simple growth/
time model: 0.35 (0.31,0.39) cm/yr, (2) ordinary linear
regression model: 0.056 (0.042,0.068) cm/yr, (3) linear
MLM: 0.19 (0.17,0.21) cm/yr, and (4) quadratic MLM: 0.21
(0.18,0.24) cm/yr, at time zero (see Fig. 2), slowing to 0.15
(0.12,0.17) by year 10 (see Fig. 3). The residuals were
normally distributed for models (2), (3), and (4).

Goodness-of-Fit Analysis
It is not possible to calculate the AIC for the simple

growth/time model (1). For the ordinary linear regres-
sion model (2), AIC: 3819. For the linear MLM (3), AIC:
1527, P � 0.0001 compared to model (2). For the
quadratic MLM (4), AIC: 1508, P � 0.0001 compared to
model (2) and P � 0.0001 compared to model (3).

Discussion

In this study, we have modeled aneurysm growth in
a cohort of 264 patients with infrarenal AAA below or at
the intervention threshold and compared four statistical
modeling approaches which have been previously used
in the literature. We have demonstrated that the four
different models applied to our data produced hetero-
geneous estimates of aneurysm growth.

The simple growth/time calculation produced an
overestimate of growth compared to the MLM esti-
mate. We relate this to the observation that the last
scan in the series is more likely to be an overestimate
(due to observer variability in measurement) that trig-
gered intervention and hence was never corrected by
further scans. When used as the second of two data
points to calculate growth, this leads to bias in favor of
overestimation. It is also possible that negative growth
rates could be produced by this method; however, we
did not observe this in our analysis. Further, the
method is significantly weakened by the fact that it
ignores the majority of the data points (71.6% of data
points in our study are ignored by this method, for
example). AIC cannot be calculated for this method of
growth estimation as there is no statistical model
underlying the growth process that can be tested.

When applied to our data, an ordinary linear regres-
sion model underestimated growth as compared to all
other models with heavily autocorrelated residuals.
We hypothesize that this may be related to the differ-
ences in individual growth trajectories that are atten-
uated when trajectories are pooled across patients,
coupled with the fact that the model ignores the

Table 1 Clinical Characteristics of the Study Population

n %

Ever smoker 238 90.2
Hypertension 157 59.5
Peripheral vascular disease 86 32.6
Myocardial infarction 69 26.1
Current smoker 66 25.0
Cerebrovascular disease 53 20.1
Diabetes mellitus 37 14.0
CABG 28 10.6
Family history AAA 16 6.1
DVT/PE 15 5.7

Hypertension was defined as a clinical history of the condition or the use of antihy-

pertensive medication. Peripheral vascular disease was defined as a clinical history of

claudication or an ankle-brachial pressure index of � 0.8. Myocardial infarction was

defined as a known clinical history of the condition or q waves on the recruitment

ECG. Cerebrovascular disease included both completed stroke and transient isch-

emic attack. CABG � coronary artery bypass grafting, DVT � deep venous

thrombosis, PE � pulmonary embolism.
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multilevel structure of these data. Patients with slow-
growing AAA tend to have a larger number of scans in
total, which may compound bias in the model toward
slow growth. Using a linear regression model does
include all data, in contrast to the growth/time calcu-
lation, but analyzes all scan data for all patients to-
gether. This represents a statistical error; the assump-
tions of the model are not met by these data, as scans
from the same patient are related through growth and
thus are not independent, as is required for simple

linear regression analysis. We suggest that this is
therefore an invalid method of modeling this type of
data, the growth estimate of which is completely in-
accurate and should be ignored.

In MLM, each patient contributes to the overall
growth estimate, but an individual regression line is
modeled for each patient. The effects of covariates can
then be added as interactions with the overall growth
estimate observed (although this covariate analysis
requires a large number of patients). MLM better rep-
resents the correlated nature of these data, and an
improved AIC is apparent for the linear MLM as com-

Figure 1. Example growth trajectories of patients with slow growth (left), moderate growth (center), and rapid growth (right).

Figure 2. Comparison plot of growth estimates by model.
Each point represents growth estimate with 95% confidence
intervals. Dist. Time � (1) growth/time calculation, Lin. Reg. �
(2) ordinary linear regression model, Lin. MLM � (3) linear
multilevel model, Quad. MLM. � (4) quadratic multilevel model
(estimate at time zero).

Figure 3. Aneurysm growth estimates for the quadratic mul-
tilevel model plotted at annual intervals over a 10 year qua-
dratic growth model. Each point represents growth estimate
with 95% confidence intervals.
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pared to a linear regression model. However, a linear
MLM still presumes aneurysm growth to be a linear
process, and this is not necessarily the case [17]. We
therefore also tested a quadratic basis to the MLM. In
our patient cohort, a quadratic basis to MLM demon-
strated a small but significant improvement in AIC
when compared to a linear MLM. Both the linear and
quadratic MLM demonstrated significantly improved
AIC compared to the ordinary linear regression model.
It is noteworthy that the growth estimate in the qua-
dratic MLM slows over time. This is not suggesting
that aneurysm growth slows in individual patients, but
rather reflects the observation in the fixed effects part
of the model, that patients with slower growing an-
eurysms will remain in the cohort for longer time
periods, whereas those with rapidly growing aneu-
rysms will leave the cohort to undergo repair.

Our data support the notion that AAA growth exhibits
significant variation between patients, is not necessarily
linear, and is more suitably represented by MLM tech-
niques. Our AIC data suggest that quadratic as opposed
to linear modeling strategies most accurately represent
the growth of AAAs within a cohort of patients over time.
However, it is difficult to be certain if the quadratic MLM
provides a more accurate growth estimate than a linear
MLM or simply better detects the selection effects intro-
duced by slow-growing aneurysms persisting in the data
set for a longer time. Our data add weight to the previ-
ous work using MLM techniques, and we suggest that
future studies aiming to identify factors which may in-
fluence growth must use MLM to reach valid conclu-
sions. Relatively few groups have previously used MLM
[5,18–21], possibly because this requires access to a suit-
ably experienced biostatistician, which is not always pos-
sible. Reassuringly, the MLM generated growth estimates
for our patient cohort which were similar to previous
high-quality reports using large patient numbers with
linear MLM [17,19].

There are clear limitations to this work. We have used
a cohort of patients from a single center in the UK. Our
findings are therefore specific to this cohort of patients,
which may differ compared to other AAA patient groups
around the globe. While the overall sample size was
relatively small, it was large enough to estimate the fixed
effects of the model [22]. It would have been beneficial
to include relevant clinical risk factors for AAA (e.g.,
gender, smoking, hypertension) in the model; however,
the sample was likely underpowered for looking at in-
teraction terms, as would be required for subgroup anal-

ysis, so this was not possible. It is noteworthy that a
proportion of patients recruited to the study were ex-
cluded from the growth modeling analysis (48%). These
patients tended to have an incidental large aneurysm
detected with a single scan that went straight for inter-
vention; thus no growth data were available. Another
problem is the fact that patients with fast-growing an-
eurysms are selected out of the data (to go for interven-
tion) and thus have fewer data points included. Joint
modeling [23,24] is an appealing approach to try to
broach this problem, as it would allow correction for this
selection effect. Joint modeling allows the analysis of the
data taking into account both the autocorrelation in the
repeated measures as well as the time-to-event outcome
(aortic intervention). We chose to censor any measure-
ment data from AAAs above the traditional intervention
threshold of 5.5 cm. Very little is known about the
growth patterns of these large AAAs and it is possible
that these aneurysms exhibit a growth pattern different
from smaller aneurysms which would require an alterna-
tive modeling technique. This is an important, separate
area for further study. We also set a minimum standard
of scans required to meet inclusion criteria (two or more
USS which were at least 3 months apart). This approach
was taken to ensure enough data were available to
estimate a growth trajectory for each patient. Few pa-
tients contributed only the minimum number of scans
(n � 16, 6% of the study population), with the average
contribution being 7 scans per patient. It has been es-
tablished that USS aneurysm measurement from inner
wall to inner wall (ITI) is more reproducible than OTO
[25]. As our study began in 2003, we have used OTO
measurements for the purposes of the present analysis.
The data used for analysis reflect the duration of OTO
measurement policy in our department. All patients now
receive ITI measurements as per the UK National AAA
Screening Programme (http://aaa.screening.nhs.uk), but
none of these measurements were included in the pres-
ent analysis.

Conclusion

AAA growth is a complex process that varies sig-
nificantly patient-to-patient. Between 3.0 and 5.5 cm,
the heavily nested structure of the data is best repre-
sented with multilevel modeling techniques. Further
work should focus on joint modeling approaches and
on aneurysms above the intervention threshold.
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