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To the Editor:

A bdominal aortic aneurysms (AAAs) are pathological dilatations
of the abdominal aorta to larger than 30 mm in diameter. Left

untreated, it eventually results in AAA rupture and high mortality.
Once diagnosed, patients with AAAs are monitored by regular scans
until it reaches the size threshold (55 mm in diameter) deemed
necessary for elective repair.1

Methods for the prediction of AAA growth are regarded as an
important gap in existing literature according to the Vascular Surgery
Societal Guidelines.1,2 It is also considered as a priority for research
in the opinions of our peers.3 It can guide different aspects of clinical
management in terms of the frequency of monitoring of AAAs and
the optimal timing for surgery. However, such a prediction method
remains elusive.

The Oxford Abdominal Aortic Aneurysm (OxAAA) Study has
previously reported the importance of flow-mediated dilatation of the
brachial artery (FMD, a physiological marker of systemic endothelial
function) as a novel biomarker of AAA progression.4 We showed that
using 2 variables (FMD and AAA diameter) measured at baseline, it

is feasible to predict the growth rate of individual patients at future 12
and 24 months with modest accuracy.5

We aim to improve the prediction algorithm by incorporating
physiological (FMD, AAA size) and biochemical (circulating pro-
teins) variables measured at the same time. In the same cohort, we
utilized a proteomic method to discover circulating biomarkers that
can be used to improve the prediction algorithm.

Details regarding the OxAAA study cohort and recruitment
process have been published.5 In brief, this prospective study (Ethics
Ref: 13/SC/0250) recruited patients who received AAA monitoring
in the National Health Service setting. Baseline assessments were
performed. In addition to the measurement of AAA antero-posterior
diameter and FMD, fasting blood sample was collected at the same
baseline appointment. Platelet-poor plasma was prepared using 2-
staged centrifugation as previously described6 and stored at�808C for
subsequent analysis. Prospective AAA annual growth rates were
calculated based on the diameter measurements in the subsequent
AAA monitoring ultrasound scans. Twelve-month AAA growth data
was recorded in 59 patients, with the average AP diameter of AAA
of 47 mm at baseline. Twenty-four month growth data was recorded in
51 of these patients, as 8 of them required elective surgery by then.

We utilized a similar approach for plasma biomarker discov-
ery as recently described.7 Based on the AAA growth rates docu-
mented during the subsequent 12 and 24 months, we selected a subset
of patients for the initial discovery analysis. Plasma samples from
patients with the fastest (n ¼ 10) and slowest (n ¼ 10) growth were
pooled, then analyzed using the Proteome Profiler Antibody Arrays
(R&D Systems, #ARY022B, #ARY017). The array data was ana-
lyzed using the HLImageþþ software (Western Vision Software,
Version PCM 18.0.7). Proteins that demonstrated at least 20% change
between the 2 groups of patients were considered as potential targets
with biological relevance.

For the technical validation of the protein biomarkers discovered
with the aboveworkflow, we measured the panel of proteins in individual
patients using the ProteinSimple Ella enzyme immunoassay platform
(BioTechne, UK). Based on the availability of the existing ELLA assays,
these proteins were chosen for measurement: CXCL10, IL6, IL8,
Thrombospondin, RAGE, MIP1a, MIP1b, leptin, ICAM1. Measure-
ments from the individual patients in the discovery cohort matched the
observations by the Proteome Profiler Array, with at least 20% difference
observed between the fast and slow growth groups (Fig. 1A).

We tested the utility of a generalized linear model to predict
growth in AAAs with an diameter between 40 and 55 mm, as patients
with an AAA in this size range are most amenable to updates in
clinical practice in terms of the frequency of monitoring and the
timing of elective surgery.4

We regressed the measured values of 9 proteins in combina-
tion with the measurements of AAA diameter and FMD against a
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FIGURE 1. Integrated biochemical
and physiological assessments for
the prediction of growth of abdomi-
nal aortic aneurysm in humans. Based
on the AAA growth rates documented
during the subsequent 12 and 24
months, we selected a subset of
patients for the initial discovery anal-
ysis. Plasma samples from patients
with the fastest (n ¼ 10, dark gray
bars), and slowest (n ¼ 10, light gray
bars) growth were pooled, then ana-
lyzed using the Proteome Profiler
Antibody Arrays (R&D Systems,
#ARY022B, #ARY017). Proteins that
demonstrated at least 20% change
between the 2 groups of patients
were considered as potential targets
with biological relevance, and mea-
sured in the individual patients using
the ProteinSimple Ella enzyme immu-
noassay platform (BioTechne, UK).
These show at least 20% difference
observed between the fast and slow
growth group (A). We regressed the
measured values of 9 proteins in com-
bination with the measurements of
AAA diameter and flow mediated
dilatation of brachial artery (FMD, a
physiological index of endothelial
function) against a categorical
response with levels: ‘‘Slow/no’’
growth (0%), ‘‘Some’’ growth
(>0% growth but still in lower two-
thirds of growth values) and ‘‘Fast’’
growth (top tertile of growth rate) for
outcomes at 12 mo and 24 mo. A
multinomial logistic model was fitted
using ridge regression (the regulari-
zation parameter was allowed to vary
from 0 to 3 in 0.1 increments) using
10-fold cross-validation with 3
repeats to robustly estimate accuracy
(R V3.5.1, using glmnet and caret
libraries). The final outcome models
showed excellent predictive power
when combined to binary compari-
sons of Fast versus not-Fast and Slow
versus not-Slow growth. The area
under receiver operating characteris-
tics (AUROC) are 0.83 (fast growth at
12 mo, B), 0.92 (slow growth at 12
mo, C), 0.80 (fast growth at 24 mo,
D), and 0.82 (slow/no growth at 24
mo, E), respectively.
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categorical response with levels: ‘‘Slow/no’’ growth (0%), ‘‘Some’’
growth (>0% growth but still in lower two-thirds of growth values)
and ‘‘Fast’’ growth (top tertile of growth rate) for outcomes at
12 months and 24 months. A multinomial logistic model was fitted
using ridge regression (the regularization parameter was allowed to
vary from 0 to 3 in 0.1 increments) using 10-fold cross-validation
with 3 repeats to robustly estimate accuracy (R V3.5.1, using glmnet
and caret libraries). The final outcome models showed good 3-way
classification accuracy (73% and 58% for 12 and 24 mo respectively)
and excellent predictive power when combined to binary compar-
isons of Fast versus not-Fast and Slow versus not-Slow growth. The
area under receiver operating characteristics (AUROC) are 0.83 (Fast
growth at 12 mo, Fig. 1B), 0.92 (Slow/no growth at 12 mo, Fig. 1 C),
0.80 (Fast growth at 24 mo, Fig. 1D), and 0.82 (Slow/no growth at
24 mo, Fig. 1E), respectively.

Cigarette smoking is a recognized risk factor in AAA patho-
physiology. In addition to the measured biomarkers, we further
assessed the impact of smoking history of an individual on the
regression model, using pack years of smoking as a continuous
variable. ((1 pack year¼ number of cigarettes smoked per day/20)
� number of years smoked). When pack year history of smoking was
included as an additional variable in the model, we observed
improvements in the AUROC (fast growth at 12 mo: 0.88, slow/
no growth at 12 mo: 0.95, fast growth at 24 mo: 0.81, slow/no growth
at 24 mo: 0.82). However, in comparison with the circulating proteins
and FMD (which were objectively measured by the study investi-
gators in a prospective manner), pack years of smoking was a self-
reported measurement and prone to recall/reporting bias. We have
therefore primarily focused on the objectively measured biomarkers
for this report.

This is the first time a study reports the utilization of a panel of
circulating proteins in conjunction with a physiological measurement
(FMD) to form an algorithm for the prediction of AAA growth, tested
in a prospectively recruited cohort of AAA patients. To remove

potential contaminations by ‘‘leakage’’ proteins released from resid-
ual platelets in the plasma samples, we collected platelet-poor plasma
using a rigorous sample processing method. (Plasma contaminated
by residual platelets will contain proteins released by platelet lysis
after upon thawing of stored frozen samples. This can confound
biomarker measurements in clinical studies.6) This maximizes the
chance of plasma biomarker discovery using proteomics approach.

It is important for external cohorts to replicate the efficacy of
our biomarker panel. This will require dedicated efforts to measure
FMD and collect platelet-poor plasma samples in prospectively
recruited AAA cohorts, as these cannot be extracted from historic
studies. We hope this work serves as a primer to generate interests in
the vascular surgical community and stimulates future efforts to
validate the prediction algorithm.
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