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Abstract Thoracic aortic aneurysm (TAA) represents a
major cause of mortality and morbidity in Western coun-
tries. The natural history of TAA is indolent, with patients
usually being asymptomatic until a catastrophic event such
as rupture or dissection ensues. As such, early diagnosis is
crucial and the search is ongoing for a biomarker that can
indicate the presence of TAA with sufficient accuracy to act
as a screening tool. To date, no such marker has been devel-
oped for the diagnosis of non-familial or ‘sporadic’ TAA.
However, our increased understanding of the pathogenesis
of both familial and sporadic TAA has suggested potential
candidates for diagnostic biomarkers. Many markers/path-
ways have been shown to have differential activity levels or
expression in the aortic tissue of TAA. However, priority
is given to markers that have shown differential levels in
blood plasma, as blood tests represent the easiest route for
mass screening for TAA. This review aims to evaluate the
efficacy of clinical tests already in use in diagnosing TAA,
explore novel proposed biomarkers and identify key areas
of future interest.
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Introduction

Thoracic aortic aneurysm (TAA) represents a signifi-
cant cause of morbidity and mortality worldwide. A large
national database study found an incidence of 16 and 9 per
100000 population in men and women, respectively [1].
TAA is a silent disease, being asymptomatic in the majority
of cases. The aneurysmal aorta grows slowly until it reaches
a pivotal point, at which it either dissects or ruptures. Such
complications are often associated with catastrophic out-
comes, making timely detection of patients at risk of devel-
oping a thoracic aneurysm imperative. Such detection can
be achieved by the development of screening tools such as
biomarkers and genetic components.

As far back as 1968, Wilson and Jugner identified 10 key
principals for early disease detection relating to both the
disease and the screening test [2]. They described the need
for a recognisable early symptomatic phase in the disease
process to identify potential patients for screening. It is the
lack of such a stage in TAA that poses a challenge in terms
of screening for the condition. Instead, such screening would
need to target groups known to be at increased risk of the
disease. Identifying and understanding predisposing risk
factors requires an in-depth understanding of the natural
history of the disease as well as its associated conditions.
In recent years, conditions such as bicuspid aortic valve
(BAYV), intracranial aneurysm, and bovine aortic arch, as
well as a strong family history of aortic disease, have all
been shown to be associated with TAA and dissection [3].
Furthermore, they have been proven to increase predilection
to development of aortic aneurysm. Nevertheless, a large
percentage of newly identified TAAs have no such associa-
tions and isolated incidental findings revealed during imag-
ing studies (echocardiography, computed tomography, MRI)
performed for other indications. Screening a population of
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asymptomatic patients with few identified predisposing fac-
tors requires a simple, inexpensive and safe diagnostic test.
Given the relatively low incidence of TAA in the general
population, the use of imaging as a screening tool would be
likely to be prohibitively expensive and time consuming.
Also, the use of CT would involve exposing the majority of
those screened to unnecessary radiation. As such, there has
been increasing interest in the use of blood biomarkers for
the early diagnosis of TAA [4].

In addition to diagnosis of TAA, research has focused on
the use of biomarkers to monitor the progression of aneu-
rysm development, in particular detection of imminent rup-
ture or dissection [5, 6]. There is a similar role for biomark-
ers in the post-operative period in terms of monitoring both
disease progression in non-operated aortic segments and
the development of graft-related complications [7]. In this
review, we aim to demonstrate current evidence pertaining
to blood-borne biomarkers of TAA, focusing on circulating
proteins and predisposing genetic variants measured from
leukocyte-derived nucleic acids. Particular emphasis is paid
to studies that have performed validation of their chosen
markers and that quote their diagnostic ability in terms of
positive or negative predictive values (NPVs), sensitivity
or specificity.

Generalized laboratory tests for the diagnosis
of aortic aneurysm

Several well-established clinical blood tests have been inves-
tigated for their suitability to act as a biomarker for aortic
aneurysm, including products of haemostasis, acute phase
reactants and homocysteine [8]. The vast majority of such
studies have been done in the setting of abdominal aortic
aneurysm (AAA), due to the increased prevalence and dis-
ease burden that this condition represents in comparison
with TAA. The role of these general markers will briefly be
discussed before focusing on novel biomarkers more relevant
to the thoracic aorta.

D-Dimer

D-Dimer is a fibrin-degradation product that results from
the fibrinolysis of a thrombus. Its primary use in clinical
practice is in the detection of venous thrombo-embolism
(VTE), such as deep vein thrombosis or pulmonary embo-
lism, where it has an extremely high NPV, but poor positive
predictive value (PPV). This means that, when negative,
D-Dimer is a useful test to exclude thrombosis. However, a
positive test can be triggered by any source of thrombosis in
addition to VTE such as trauma, post-surgery or other condi-
tions such as cancer, infections or disseminated intravascular
coagulation [9, 10]. Evidence for the use D-Dimer in the

diagnosis of TAA is lacking with the majority of studies
focusing on AAA or acute aortic dissection (AAD). A meta-
analysis of 9862 patients concluded that D-Dimer, fibrino-
gen and thrombin—antithrombin complex III are increased
in AAA[11].

Several studies have investigated the use of D-Dimer in
the diagnosis of AAD. In a study of 87 AAD patients and
133 controls, Suzuki et al. evaluated the diagnostic perfor-
mance of D-Dimer using a cut-off of <500 ng/ml within the
first 24 h of symptom onset [12]. At this threshold, D-Dimer
has a sensitivity of 96.6%, a specificity of 46.6%, a PPV of
37.6 and a NPV of 97.6 against all controls. The specificity
and PPV were increased by reducing the time of D-Dimer
testing to 6 h from symptom onset. Similarly, Eggebrecht
et al. found that D-Dimer was elevated in AAD to a similar
degree as it is elevated in pulmonary embolism, although no
values for sensitivity or specificity are quoted [13].

Although several studies have evaluated the role of
D-Dimer in AAD, few have investigated its role in the diag-
nosis of TAA pre-dissection. One small study by Yuan et al.
compared 9 patients with TAA against 20 patients with AAD
and 6 patients with coronary artery disease (CAD) and found
significant, and approximately equal, elevations in D-Dimer
levels in TAA and AAD patients compared to CAD patients
[14]. In addition to D-Dimer, other marketers of haemo-
stasis have been implicated in AAA formation with tissue
plasminogen activator (tPA) corresponding positively with
aneurysm expansion rate [15]. Similar studies have not been
applied to the thoracic aorta and, to date, no assay of tPA is
available for clinical use.

C-reactive protein and leucocyte

Highly sensitive C-reactive protein (hs-CRP), an acute phase
protein that is elevated in response to inflammation, was
found to be elevated in 39 patients with AAA [16]. Further-
more, the level of CRP was found to correlate positively
with aneurysm size. Raised hs-CRP was also found by Yuan
et al. in the setting of TAA [14]. Leukocyte count has previ-
ously been found to be elevated in cases of thoracic aortic
dissection [13] and has also been found to be associated
with the degree of plaque thickness. Elkind et al. demon-
strate increased leukocyte counts in patients with aortic arch
plaque thickness of >4 mm [17]. Such elevated levels of
leukocytes both initiate atherosclerosis and contribute sig-
nificantly to its progression. However, the subtype of white
cell and mechanism by which atherosclerosis is induced has
not yet been determined [18].

Plasma homocysteine

Elevated plasma homocysteine levels are a risk factor for
peripheral atherosclerotic disease including that of the
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thoracic aorta [19]. Whilst several previous studies into
the association of plasma homocysteine levels and aortic
aneurysm reported conflicting results, a 2014 meta-analysis
of 6445 patients showed elevated levels to be associated
with an odds ratio for developing AAA of 3.29 (95% CI
1.66-6.51) [20]. For TAA, evidence is limited to a handful
of studies with small numbers of patients. Sbarouni et al.
demonstrated hyperhomocysteinaemia in 31 patients with
acute dissection [21] with Giusti et al. showing similar find-
ings in patients with Marfan’s syndrome [22].

The applicability of the established tests described above
to TAA has rarely been studied. The majority of evidence
that does exist pertains to patients presenting with AAD. As
such, the role of these markers as a diagnostic test prior to
this pre-terminal event has not been established. Even in the
context of AAD, studies into the use of established existing
blood tests as biomarkers often involve small numbers of
patients with no analysis of their efficacy in terms of sensi-
tivity and specificity. Despite this, it is recognised that the
above tests demonstrate low specificity for aneurysmal dis-
ease. D-Dimer, CRP, leukocyte count and homocysteine are
upregulated in many disease states other than aortic aneu-
rysm or dissection. This invalidates their use as a screening
tool for the diagnosis of TAA. As such, their potential in
clinical practice seems limited to excluding disease in the
presence of a negative result. However, even this role is con-
troversial since no marker is likely to have a 100% NPV. The
case described by Thota et al. of aortic dissection in the pres-
ence of a normal D-Dimer result highlights the importance
of the overall clinical presentation and the assessment of the
treating physician over biomarkers currently in use [23]. If a
peripheral blood biomarker for TAA is to be clinically useful
it must be able to demonstrate a greater PPV than those tests
currently in clinical use.

Focused biomarkers relevant for TAA
Aortic wall components

The media of the aortic wall is comprised of smooth mus-
cle cells, connective tissue fibres and extracellular matrix
(ECM). It is the connective tissue fibres, collagen and elas-
tin, within the aortic wall that impart its elastic properties
and strength. Their disruption is thought to play an impor-
tant role in the pathogenesis of aortic aneurysm [24]. As
such, research has focused on detecting differences in the
composition of such molecules in the aortic wall of TAA
patients compared to healthy controls. In this review, we
will focus on blood-borne markers of collagen and elastin
metabolism as potential biomarkers. Analysis of aortic
wall specimens by Toumpoullis et al. identified changes
in specific fibrillar collagens that occur in TAA. Collagen
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V and XI showed upregulation at both mRNA and protein
levels, whereas collagen I and III showed downregulated
protein levels in TAA [25]. Further work by Black et al.
used proteomics to identify eight proteins that were dif-
ferentially expressed in the aortic tissue of normal controls
and TAA or varying sizes. The genetic sequences of all of
these proteins were then tested for preliminary diagnos-
tic efficacy using RT-PCR analysis of whole blood, in an
attempt to find a blood-borne biomarker for TAA. Among
the proteins tested, four and a half LIM domains protein 1
(FHL1) was found to be a useful whole blood biomarker
for TAA. When FHL-1 was combined with Collagen (I),
(IID), (V) and (XI) to form a five-biomarker panel, upregu-
lation of any 3 of the 5 by more than 1.5-fold correctly
predicted TAA in 30 of 41 TAA patients (sensitivity 0.79,
specificity 1) [26].

Despite several studies demonstrating altered elastin
architecture in TAA in both animals and humans, no studies
have yet identified any circulating biomarkers of elastin deg-
radation in the setting of TAA. Wilson et al. demonstrated
that two products of elastin metabolism, serum elastin pep-
tides (SEP) and plasma elastin alpha-1-antitrypsin complex,
are associated with aortic wall distensibility together with
serum propeptide of type III procollagen (PIIINP), a marker
of increased collagen neosynthesis. Increased breakdown of
elastin with increased SEP and plasma elastin alpha-1-anti-
trypsin complex was found to be associated with increased
vessel distensibility whilst increased PIIINP was associated
with reduced distensibility [27]. Furthermore, Lindholt
et al. developed a test for monitoring disease progression
in patients with small AAA (+3 cm), validated by serial
scans for aneurysm size. They found that a predictive model
based on initial aneurysm size, SEP level and PIIINP level
was able to predict 9 out of 10 patients that would require
operation for AAA within 5 years (sensitivity 91%, speci-
ficity 87%) [28]. To date none of these markers have been
investigated in the setting of TAA, but they remain a poten-
tial avenue for future study.

Fibrillin plays an important role in the aortic wall by pro-
viding a scaffold for elastin through the formation of micro-
fibrils and defects in the fibrillin-1 gene are responsible for
aortic dilatation in Marfan syndrome [29, 30]. Marshall et al.
described the use of fibrillin fragment concentrations in the
circulation as a potential biomarker for both TAA and dis-
section [31]. Interestingly, this study also reports that frag-
ment concentration was altered with the anatomical loca-
tion of aneurysms and whether or not acute dissection had
occurred. TAA was significantly more common than AAA
in the highest compared with lowest quartile of fibrillin-1
concentration (OR =2.9; 95% CI 1.6-5.0), as was acute dis-
section when compared to TAA (OR=2.9;95% CI 1.6-5.3).
Despite the strengths of this study, it is only able to identify
fibrillin fragments as a potential future biomarker and does
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not evaluate its use in diagnosing TAA in a population or its
role in monitoring progression.

In addition to the potential use of products of collagen
and elastin degradation directly, the mediators of this deg-
radation have also been studied as potential biomarkers of
TAA. The degradation of elastin and collagen is regulated
by matrix metalloproteinases (MMP) [32]. The balance
between MMPs and their naturally occurring inhibitors, tis-
sue inhibitors of metalloproteinases (TIMPs), regulate the
degree of proteolysis within connective tissues [33]. There
is evidence that certain MMPs are increased in the wall of
TAA, specifically, MMP 1, 9, 12, and 14, with MMP?2 also
rose in the presence of a BAV [34]. Kouillis et al. also dem-
onstrated increased expression of MMP 1 and 9 in the aor-
tic wall of TAA compared to healthy controls, with MMP2
and MMP?9 being increased further in aortic walls that had
undergone dissection. Furthermore, a ratio of MMP9 to
TIMP1 of > 1 was found to be associated with the develop-
ment of TAA [35].

Of critical importance to the use of MMPs as a potential
biomarker of TAA, differential plasma levels of MMPs in
thoracic aortic disease have also been demonstrated. Ele-
vated plasma levels of MMP 9 are found following aortic
dissection with maximal levels occurring approximately
2 weeks after the event [36]. Plasma levels of MMPs and
TIMPs have also been shown to distinguish TAAs associ-
ated with either bicuspid or tricuspid aortic valves. When
compared to normal aorta, TAA associated with BAV
demonstrated increased plasma levels of MMP-1, MMP-2,
and MMP-7, and decreased MMP-8 and MMP-9. In con-
trast, TAA associated with TAV demonstrated significantly
increased MMP-1 only together with decreased MMP-8
and MMP-9 levels [37]. In addition to a potential diagnostic
role in cases of aortic dissection, MMPs may have a role in
disease monitoring post-surgical correction. Experiments
performed in AAA showed that levels of MMP 3 and MMP
9 return to near normal levels following endovascular exclu-
sion of AAA which is thought to be due to reduced aneu-
rysmal wall tension. Such a decrease in levels might act as a
biomarker of successful aneurysm exclusion and aid in the
monitoring of progression or recurrence. However, large-
scale clinical studies of MMPs have not yet been performed
and are needed before their use can be adopted for diagnostic
or monitoring of aortic aneurysm or dissection.

The renin-angiotensin system in TAA

The renin—angiotensin system (RAS) has been suggested
to play a critical role in the development of TAA [38]. This
resulted from the finding that the Angiotensin 1 (AT1)
receptor antagonist, Losartan, fully attenuated the aortic
pathology generated by mutant fibrillin-1 in mouse models
of Marfan syndrome [39]. Further evidence was provided by

the fact that chronic infusion of Angiotensin II promotes the
development of ascending aortic aneurysms in mice [40]. A
meta-analysis of 14 studies by Huang et al. demonstrated a
consistent finding that the angiotensin-converting-enzyme
I/D polymorphism is associated with the formation of aortic
aneurysm, with an OR of 1.59 in TAA and 2.43 in AAD
[41]. Finally, Li et al. demonstrated that levels of plasma
ACE and mRNA expression from aortic tissue for both ACE
and ACE2 were markedly reduced in cases of AAD and
TAA compared to healthy controls or patients with CAD
[42]. Furthermore, levels were significantly reduced in AAD
compared TAA. This study also demonstrated that the ACE/
ACE?2 gene expression ratio in aortic tissue was significantly
higher in AAD than TAA (p=0.025), leading the authors
to conclude that the imbalance of these two markers was
important in the progression of disease and that ACE2 was
functioning as a protective mechanism against the develop-
ment of dissection. Overall, there is strong evidence that
RAS is important in the development of TAAs. However,
the body of evidence to date is mostly derived from mouse
models. What little evidence exists in humans is limited to
pilot studies with small numbers of patients. Whilst these
studies have had some success in demonstrating differential
plasma concentrations of ACE and gene expression in TAA,
larger studies are required to validate their clinical efficacy.

Genetic markers of TAA

Genetic testing of DNA extracted from peripheral blood
leukocytes has been shown to correlate well with tissues
from around the body. As such, peripheral blood can act as
a surrogate tissue as it is both readily available and contains
a large number of gene transcripts [43]. This creates the
opportunity for the transcriptome of peripheral blood to act
as a biomarker of TAA.

TAA demonstrates a strong heritable pattern with approx-
imately 20% of patients reporting a familial history of aneu-
rysm formation [44]. As such, there is a potential role for
genetic testing in relatives of patients with a pre-existing
diagnosis of TAA. Such cases of familial TAA have his-
torically been classified as syndromic or non-syndromic
based on whether or not the genetic variant is present with
other features of a recognised clinical syndrome. Common
syndromes associated with TAA include Marfan syndrome,
Loeys—Dietz syndrome, Ehlers—Danlos syndrome, familial
TAA and dissection (TAAD), and BAV. However, the dis-
tinction between syndromic and non-syndromic TAA has
become increasingly blurred as it is common for a patho-
genic variant in a gene to present with a range of phenotypes
on a spectrum from syndromic to non-syndromic [45]. In
their overview of hereditable thoracic aortic disease, Mile-
wicz et al. identify 13 common loci associated with familial
TAA including FBN-1 (Marfan syndrome), TGFBR1 and 2
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(Loey’s Dietz), MYH11 and ACTA2 [45-48]. The high fre-
quency of ACTA2 mutations in 15-20% of cases of familial
TAA suggests that diagnostic sequencing of this gene should
be performed in TAA patients with a family history of aneu-
rysmal disease [49].

In addition to familial TAA, attempts have been made
to identify underlying genetic variants predisposing to spo-
radic TAA or dissection (STAAD). Three broad strategies
have informed approaches to investigating genetic traits in
STAAD. First, as technology has advanced, several studies
have investigated differential expression of multiple genetic
loci in TAA and controls using GWAS or microarrays to
identify new genes involved in aneurysm formation [50-52].
Many of the genes identified in this manner have been found
to be involved in common pathways already known to be
important in aneurysm formation such as FBN-1, TGF-beta
signalling or the contractile apparatus of the aortic wall [53,
54]. Second, genetic predisposition to STAAD has been
studied by looking at the pathogenic pathways underly-
ing the genetic causes of TAA in an attempt to find com-
mon causality. The study of the pathogenesis of Marfan’s
and Loeys—Dietz syndrome highlighted the importance of
TGF-p signalling in the development of thoracic aortic dis-
ease. Aneurysm formation has subsequently been found to
be associated with altered matrix sequestration of the TGF-
latent complex, leading to uncontrolled release of TGF-f and
subsequent activation of the TGF-f pathway [55]. Despite
this, few studies report on the use of TGF-f levels as a bio-
marker for TAA. Suzuki et al. report that circulating TGF-f
levels are elevated in patients with AAD and suggest that
TGF-p might be used as a biomarker in non-Marfan aortic
disease [56]. The final approach to studying the genetic basis
of STAAD has been to look for underlying genetic causes for
changes that are known to occur in aneurysm formation such
as the altered structured and composition of the aortic wall.
For example, in a recent meta-analysis of 19 studies, Li et al.
investigated associations between matrix mettaloproteinase
family polymorphisms and the development of aortic aneu-
rysmal disease [57]. The authors found positive associations
with SNPs of MMP 2, 3, and 13 with AAA, and MMP2 and
8 with TAA. They conclude that these may have the potential
to form novel biomarkers for the prediction of aortic aneu-
rysm. However, to date none of these markers have been
clinically validated in large independent populations.

Discussion

The development of a clinically useful biomarker for TAA
is enticing in terms of preventing the catastrophic conse-
quences of aortic dissection or rupture by early intervention.
However, at present there remains a paucity of evidence for
the efficacy of any single biomarker. The existing biomarkers
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in clinical practice are rendered ineffective by their poor
PPV, meaning that they are unable to reliably discriminate
between aneurysmal disease and a number of co-existing
conditions such as vascular disease, inflammatory disease
or thromboembolic disease.

Due to the strong genetic links to the formation of TAA,
interest has focused on identifying underlying causal and
associated genetic loci for aneurysm formation. Studies per-
formed to date in both sporadic and familial TAA have iden-
tified multiple steps at which different pathogenic mecha-
nisms can contribute to the formation of aneurysmal disease.
Such studies have informed our broader understanding of the
pathogenic mechanisms of TAA, often confirming changes
seen at a microscopic or macroscopic level. However, no
one genetic variant has been found to have a strong enough
association to act as a clinically useful diagnostic biomarker.
Attempts have been made to develop such a biomarker using
a panel of the most commonly associated variants. Wang
et al. used a microarray to screen for variants in 29098 genes
differentially expressed between 36 TAA patients and 25
controls. RNA was derived from peripheral blood samples.
A 41-gene classification model was developed for the diag-
nosis of TAA. When this model was applied to a validation
set of 22 TAA patients and 11 controls it was able to pre-
dict TAA status with a sensitivity of 72% and a specific-
ity of 90%. This represents an improvement over the more
established clinical tests such as D-Dimer or hs-CRP in the
diagnosis of TAA, particularly in terms of sensitivity, as the
gene expression signature appeared unique for TAA and did
not show any significant overlap with that of atherosclerosis,
or CAD [58]. However, such ‘genetic signatures’ have not
yet been adopted into clinical practice for two reasons. First,
whilst such tests may be beneficial in identifying patients
at increased risk of TAA formation, they are still not accu-
rate enough to replace imaging studies as the gold standard
diagnostic tests. Second, at present, performing such tests in
the quantities needed to effectively screen for TAA is pro-
hibitively expensive.

A further limitation of the use of genetic biomarkers of
TAA lies in the potential disconnect between changes at the
level of the genome and resulting changes in protein expres-
sion. The rapidly expanding field of epigenetics seeks to
account for this discrepancy. Epigenetics refers to modifi-
cations in the genome that alter gene expression without
changing the DNA sequence and include DNA methyla-
tion, histone modifications and non-coding RNA [59]. How
epigenetic phenomena alter gene expression in the patho-
genesis of TAA is the subject of ongoing investigation, and
is beyond the scope of the current review. However, such
modifications have the potential to add an additional level
of complexity in the use of genetic biomarkers for TAA as
changes seen at a genomic level may not correspond with
changes in the encoded protein and vice versa.



Gen Thorac Cardiovasc Surg (2019) 67:12-19

17

Initial attempts to identify by-products of aneurysm
development such as elastin degradation and fibrillin frag-
ment complications have shown promise but have not yet
been validated in larger studies [27, 31]. As such we have
no way of determining their diagnostic capabilities. How-
ever, as a general principal, the use of a biomarker generated
by the unique changes in the vessel architecture that occurs
after the onset of aneurysm formation is highly attractive
in terms of its specificity for diagnosing TAA. They also
have the advantage of being able to monitor disease pro-
gression, something that genetic biomarkers are unable to
do due to the fixed nature of the genomic code. The ideal
biomarker for TAA would be produced in the presence of
aortic dilatation prior to dissection or rupture. It would be
easily detectable in the peripheral blood and its concentra-
tion would reflect the degree of aortic dilatation, allowing
use for both diagnosis and monitoring of disease progres-
sion. To date, no such biomarker exists for TAA. It is our
opinion that further research into blood-borne markers of
altered aortic wall architecture holds the greatest potential
for developing clinically applicable biomarkers for TAA.
Such research is facilitated by the collating of large numbers
of patient tissue samples (both aortic wall and peripheral
blood) with corresponding imaging data. For rare conditions
such as TAA, such biobanks can be created by the develop-
ment of national or international registries with multicentre
data collection and input, as has previously been shown in
the setting of AAD [12].

In summary, to date no biomarkers exist that can accu-
rately diagnose the presence of TAA prior to dissection or
rupture. Despite the growing body of evidence into genetic
associations of TAA, the multifactorial nature of aneurysm
formation and the wide range of genes found to play a role
in its pathogenesis means that no one genetic test is likely to
prove clinically efficacious. Existing evidence suggests that
biomarkers derived from disrupted aortic wall components
represent the most promising avenue for further study.
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