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Abstract

Background: Abdominal aortic aneurysm (AAA) is characterized by the proteolytic
breakdown of the extracellular matrix, leading to dilatation of the aorta and increased
risk of rupture. Biomarkers that can predict major adverse aortic events (MAAEs) are
needed to risk stratify patients for more rigorous medical treatment and potential
earlier surgical intervention.

Obijectives: The primary objective was to identify the association between baseline
levels of these biomarkers and MAAEs over a period of 5 years.

Methods: Baseline levels of 3 proteases (matrix metalloproteinases 7, 8, and 10) and 3
protease inhibitors (tissue factor pathway inhibitor [TFPI], SerpinA12, SerpinB3) were
investigated. Plasma levels of these biomarkers were quantified in 134 patients with
AAA and 134 matched controls. Patients were followed for a 5-year period during
which MAAEs were documented. The association between these markers and MAAEs
was evaluated using Cox regression and Kaplan-Meier survival curves.

Results: TFPI was significantly elevated in patients with AAA and significantly associ-
ated with MAAE during the 5-year period (hazard ratio, 1.52; 95% Cl, 1.15-2.01;
P = .003) after adjusting for covariates. Kaplan-Meier survival analyses demonstrated
that patients in the high TFPI group (defined as plasma levels >25.961 ng/mL) had
significantly reduced freedom from the need for aortic repair and MAAEs.
Conclusion: These findings suggest that TFPI may serve as a valuable prognostic
marker for the risk of MAAEs within 5 years in patients with AAA, potentially offering

new tools for the medical management of patients with AAA.
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Essentials

* Abdominal aortic aneurysm (AAA) can lead to aortic rupture and increased risk of death.

« Biomarkers are needed for prognostication in patients with AAA.

« Tissue factor pathway inhibitor (TFPI) is associated with major adverse aortic events.

« TFPI should be investigated for its clinical use as a prognostic marker in patients with AAA.

1 | INTRODUCTION

Abdominal aortic aneurysm (AAA) is a disease of the lower abdomen
that is characterized by the loss of the elasticity within the aortic wall,
leading to dilatation of the artery and an increased risk of rupture, a
catastrophic and deadly consequence of the disease [1]. This loss of
elasticity has been attributed to increased inflammation within the
medial and intimal layers, reduction in matrix-synthesizing medial
smooth muscle cells, and excessive extracellular matrix (ECM)
degradation by proteolytic enzymes [2]. Several studies have pro-
posed biomarkers for AAA screening [3] and prognosis of AAA [4];
however, markers for the prognostication of AAA-specific events that
are clinically relevant and widely applied are lacking, specifically
within proteolytic enzymes that may be directly or indirectly involved
in the enzymatic breakdown of the ECM. Previous studies have
investigated 2 proteolytic enzymes as prognostic markers for AAA,
matrix metalloproteinase-9 (MMP-9) and elastase, noting both bio-
markers correlate with AAA growth rate [5-7]. To our knowledge, no
study has followed patients long term or investigated baseline levels
of proteolytic enzymes and inhibitors and their ability to predict long-
term aortic-related events in patients with AAA. In this study, we
investigated several different proteases and protease inhibitors and
their relationship to AAA and AAA-related outcomes.

MMPs are proteinases that have well-known functions in the
breakdown of several ECM proteins [8]. Specifically, MMP-7 is pri-
marily known for its proteolytic cleavage of fibronectin, which plays a
critical role in the structural stability and function of the ECM [9,10]. It
has also been demonstrated to mediate the release of the cytokine
tissue necrosis factor from macrophages, modulating the immune
response [11]. MMP-8 is a member of the same protein family and
hydrolyzes collagens, gelatin, elastins, matrix glycoprotein, and other
ECM proteins to aid in angiogenesis, vascular remodeling, and
inflammation [12]. Similarly, MMP-10 has a wide range of ECM sub-
strates including proteoglycans, laminin, gelatins, fibronectin, entactin,
and collagens particular to angiogenesis [13].

Tissue factor pathway inhibitor (TFPI or TFPI-1) is a serine pro-
tease inhibitor that is primarily known for its function as an inhibitor
of coagulation. It achieves this by inhibiting both factor Xa, as well as
the tissue factor-factor Vlla complex [14]. Although TFPI primarily
functions in regulating coagulation, a homologous protein with
structural similarities, TFPI-2, is known to regulate MMPs and ECM
remodeling [15]. Whether TFPI-1 functions in modulating the ECM is
unknown. Patients with AAA often have thrombus formation within
aneurysm sac walls, and TFPI may also be elevated in this patient

population for the regulation of this hypercoagulable state.

SerpinA12 (also known as vaspin) and SerpinB3 (also known as
squamous cell carcinoma antigen 1 [SCCA-1]) are 2 serine protease
inhibitors that belong to the Serpin family. SerpinA12 has several
functions including the regulation of cell proliferation and apoptosis,
as well as inhibiting the activity of proinflammatory cytokines such as
tissue necrosis factor and interleukin-6 [16]. AAA progression is
characterized by the increase in damage to the endothelium within
the aorta and dysregulation of the inflammatory response, and hence
SerpinA12 could be a marker of AAA progression. Similarly, SerpinB3
is known to be a regulator of apoptosis; however, it has a well-
established role in the regulation of the ECM. Studies have demon-
strated that overexpression of SerpinB3 can lead to the upregulation
of MMPs, including MMP-9, a known marker of cardiovascular dis-
ease, AAA growth rate, and the risk of endoleak post endovascular
aortic repair and hence may predict adverse outcomes in patients with
AAA [4,17].

No previous research has investigated MMP-7, MMP-8, MMP-10,
TFPI, SerpinA12, and SerpinB3 as potential prognostic markers for
AAA-related outcomes, despite their potential involvement with the
disease process. Proteolytic, inflammatory, and coagulative pathol-
ogies are well-known drivers of AAA formation. These markers were
selected, specifically MMPs and serine protease inhibitors such as
TFPI, SerpinA12, and SerpinB13, due to their known roles in vascular
remodeling and inflammation. SerpinA12 and SerpinB13 were
included because serine protease inhibitors in this family have been
shown to regulate inflammatory processes in the vascular environ-
ment through protease inhibition, contributing to aneurysm develop-
ment and growth [18]. These markers were also chosen due to the
ability to accurately detect them within plasma. Some other markers,
including tissue inhibitors of metalloproteinases, were not included
because of the findings of previous studies [4-6]. In this study, our
primary objective was to investigate the association between the
plasma levels of these biomarkers at baseline and the 5-year risk of
major adverse aortic events (MAAESs) in patients with AAA.

2 | METHODS

2.1 | Patient recruitment

Consecutive patients were recruited from St. Michael's Hospital
vascular surgery ambulatory clinics from May 2017 to July 2019. Each
patient underwent a physical examination and evaluation by a certi-
fied vascular specialist after undergoing ultrasound, computed to-

mography angiography, or magnetic resonance angiography imaging
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of the aorta. The aortic diameter of the abdominal aorta was recorded.
The inclusion criteria for the AAA group were a dilatation of the su-
prarenal or infrarenal aorta of >3 cm on imaging and 18 years of age
or older. Inclusion criteria for the matched control patients were su-
prarenal or infrarenal aorta measurements <3 cm and 18 years of age
or older. Patients were excluded if they had an AAA diameter >5.5
cm, presented with a ruptured AAA, or symptoms that were associ-
ated with the AAA (abdominal or ischemic pain).

2.2 | Clinical characteristics and plasma biomarker
quantification

Age, sex, history of hypertension (patients taking medication to lower
blood pressure, with a systolic blood pressure of >130 mmHg and a
diastolic blood pressure of >80 mmHg), hypercholesterolemia (people
on lipid-lowering therapy with triglyceride levels >1.7 mmol/L or total
cholesterol >5.2 mmol/L), diabetes mellitus (patients with HbA1lc
>6.5%), coronary artery disease and/or congestive heart failure
(defined as a diagnosis documented within their clinical chart by a
cardiologist), and smoking status (current, past, or never) were gath-
ered at baseline [19].

Blood was drawn from the antecubital vein into 3.2% sodium
citrate tubes at baseline. Plasma samples were collected within 1 hour
of blood draw by centrifugation at 1000 x g for 10 minutes at 4 °C
and stored at —80 °C until analysis. LUMINEX assay (Bio-Techne) was
used to quantify plasma levels of MMP-7, MMP-8, MMP-10, free
TFPI, SerpinA12, and SerpinB3 in duplicate, as per manufacturer’s
instructions.

2.3 | Follow-up visits and outcomes

Patients were followed up at 6 or 12 months over a period of 5 years
based on guidelines provided by the Society for Vascular Surgery [20].
Patients underwent a follow-up physical examination and evaluation
by their certified vascular specialist after undergoing ultrasound,
computed tomography angiography, or magnetic resonance angiog-
raphy imaging of the aorta. Measurement of the abdominal aorta was
recorded. Patients were questioned about recent medical history, and
any incidence of need for elective or emergent aortic repair (open
AAA repair or endovascular aortic repair), rapid aortic growth, and
aneurysmal ruptures was recorded. MAAE was defined as a composite
of all 3 events. Rapid aortic growth was defined as aortic growth >0.5
cm in 6 months or >1 cm in 1 year, as per previous studies [21]. Pa-
tients were contacted by telephone after the 5-year period for final

data collection.

2.4 | Statistical analysis

Demographics and clinical characteristics are reported as mean + SD

for continuous variables and number of patients (percentage overall)
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for categorical variables. Independent t tests were used to test dif-
ferences between continuous variables that were normally distrib-
uted. For non-normally distributed characteristics, Mann-Whitney
U-test was used. Chi-squared tests were used to test the differ-
ences between categorical variables.

For this pilot study, the primary objective was to investigate the
association between biomarker levels and 5-year outcomes of MAAE
in patients with AAA. The secondary objective was to investigate and
compare levels of biomarkers between patients with AAA and
matched controls, as well as between AAA patients who had an MAAE
and those who had not. We also sought to investigate the association
between biomarker levels and AAA diameter at baseline. The final
secondary objective was to determine if there was a significant dif-
ference in freedom from MAAEs when stratifying patients based on
biomarker levels.

For our primary objective, Cox proportional hazard regression
analysis was conducted on z-score normalized biomarkers for each
MAAE and adjusted for age, sex, and history of hypertension, hy-
percholesterolemia, diabetes mellitus, smoking status (current, pre-
vious, never), congestive heart failure, and coronary artery disease,
and hazard ratios (HRs) and 95% Cls were calculated. Each variable
in the regression model was tested to ensure that the proportional
hazards assumption was met. Categorical variables were tested by
assessing parallelism of log(—log) plots. For both categorical and
continuous variables, interaction terms were created with each
variable and time. The absence of a significant interactive term (B
coefficient) was defined as meeting the proportional hazards
assumption. The model was created using z-score normalized levels
of each biomarker and adjusted for age, sex, and history of hyper-
tension, hypercholesterolemia, smoking status, congestive heart
failure, and coronary artery disease as covariates without any
interactive terms.

For our secondary objective, Mann-Whitney U-tests were
used to compare biomarker levels between AAA and matched
controls, as well as AAA patients who suffered from an MAAE vs
those who did not. Simple linear regression was used to deter-
mine the association between biomarker levels at baseline and
baseline AAA diameter. Receiver operating characteristic analysis
was conducted and Youden index calculated to choose the best
cutoff value for MAAE, and patients were split into groups by
high or low biomarker levels. Freedom from outcomes (need for
aortic repair, rapid aortic growth, aortic rupture, and MAAEs) was
determined by Kaplan-Meier curves, and differences between the
high and low biomarker groups were compared by a log-rank
test.

If a full 5-year follow-up was not completed, or patients were not
available for a telephone follow-up after 5 years, patients were
deemed censored at the time of their last follow-up contact. These
patients were included in both the Kaplan-Meier survival analysis and
the Cox proportional hazards regression model as censored obser-
vations. Statistical significance was set as P <.05. All tests were
completed using SPSS Version 29.0.0.0 (241) and GraphPad Prism
Version 10.1.0 (264).
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2.5 | Ethics

Protocols for the study were approved by the Unity Health Network
Research Ethics Board. All patients provided written informed consent
before enrollment. Our protocols followed the World Medical Asso-
ciation Declaration of Helsinki [22].

3 | RESULTS

3.1 | Demographics and clinical characteristics

A total of 268 patients were recruited to the study, consisting of 134
patients with AAA and 134 matched controls without AAA. There
were no statistical differences between any of the demographics and
clinical characteristics. Patients with AAA had a significantly higher

TABLE 1 Demographics and clinical characteristics of patients
with AAA (n = 134) and matched controls without AAA (n = 134).
AAA Controls
Characteristic (n = 134) (n = 134) P
Age (y) 71 + 10 73+ 11 79
Aneurysm diameter at 2.01 + 0.35 410 + 0.87 <.0001
baseline (cm)
Sex (male) 113 (84) 103 (77) 12
Hypertension 93 (69) 84 (63) .30
Hypercholesterolemia 108 (81) 103 (77) .55
Diabetes mellitus 30 (22) 19 (14) 11
Smoking status
Current 36 (27) 40 (30) .69
Past 80 (60) 76 (57) 71
Never 18 (13) 18 (13) >.99
Congestive heart failure 7 (5) 4 (3) 54
Coronary artery disease 57 (43) 48 (36) .32
Medication
Statin 103 (77) 96 (72) 40
ACE/ARBI 77 (57) 68 (51) .33
B-blocker 44 (33) 39 (29) .60
Calcium channel blocker 34 (25) 30 (22) 67
Oral antihyperglycemic 19 (14) 11 (8) 17
Insulin 4 (3) 3(2) >.99
Antiplatelet 90 (67) 87 (65) .80
Anticoagulant 25 (19) 24 (18) >.99
Dual antiplatelet and 12 (9) 6 (4) 22

anticoagulant

Bolded text indicates variables with statistically significant differences.

AAA, abdominal aortic aneurysm; ACEi/ARB, angiotensin-converting
enzyme inhibitor/angiotensin 1l receptor blocker.

mean abdominal aortic diameter than controls, with mean aneurysm
sizes of 4.10 + 0.87 and 2.01 + 0.35, respectively (P < .0001). The
mean age of patients with AAA was 72 + 11 years, with 81% of pa-
tients being male. There was a high rate of cardiovascular risk factors
such as hypertension (69% of patients in the AAA group and 63% in
controls, P = .30), hypercholesterolemia (79% of patients in the AAA
group and 77% in controls, P = .55), and smoking (Table 1).

3.2 | Biomarker levels in patients with AAA vs
controls

Of the 6 biomarkers analyzed, only TFPI was significantly elevated in
patients with AAA relative to matched controls. Specifically, patients
with AAA had a mean TFPI plasma level of 14.072 + 4.618 ng/mL vs
21.19 + 9.711 ng/mL in control patients without AAA (P < .001). No
other biomarkers were significantly different between patients with
AAA and controls (Table 2).

33 |
MAAEs

Associations between biomarker levels and

As none of the patients within the control group had an MAAE, the
following analysis was conducted only in the group of patients with
AAA. In the 134 patients with AAA, there were 46 patients (34%) who
underwent elective or emergent aortic repair. Within the 5-year
period, 24 (18%) patients had rapid aortic growth, and 1 patient had
an aneurysm rupture that resulted in death (Table 3).

Patients with AAA (n = 134) were then split into those who had an
MAAE (n = 53) and those who had not (n = 81). Demographics and
clinical characteristics are shown in Table 4. Again, there were no
statistically significant differences in demographics or clinical charac-
teristics between patients who had an MAAE vs those who had not,
except for AAA size at baseline. Patients with AAA who experienced

an MAAE had significantly larger aneurysm diameter at baseline

TABLE 2 Biomarker levels in plasma of patients with AAA (n = 134)
and matched controls without AAA (n = 134).

Biomarker AAA (n = 134) Controls (n = 134) P

MMP-7 (ng/mL) 4.127 + 2.211 4.537 + 2427 21

MMP-8 (ng/mL) 261.774 + 321.633 320.796 + 339.671 .10

TFPI (ng/mL) 14.072 + 4.618 2119 + 9711 <.001

MMP-10 (pg/mL) 585.494 + 301.155 613.077 + 265.554 .13
Serpin A12 (pg/mL) 72.961 + 52.555 77.635 + 54.521 48

Serpin B3/
SCCA1 (pg/mL)

180.778 + 140.324 167.05 + 132.919 48

Bolded text indicates variables with statistically significant differences.
AAA, abdominal aortic aneurysm; MMP, matrix metalloproteinase;
SCCA1, squamous cell carcinoma antigen 1; TFPI, tissue factor pathway
inhibitor.
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TABLE 3
5-year period.

Rates of MAAEs in patients with AAA (N = 134) within a

Adverse event Patients with AAA (N = 134)

Need for aortic repair 46 (34)
Rapid AAA growth 24 (18)
Aneurysm rupture 1(0.7)
MAAEs 53 (40)

AAA, abdominal aortic aneurysm; MAAE, major adverse aortic event.

(4.60 = 0.87 cm) than who did not (3.76 + 0.69 cm), with P < .001
(Table 4).

Biomarker analysis demonstrated that TFPl was significantly
elevated in patients with AAA who had an MAAE vs those who had
not. AAA patients with an MAAE, when compared to those without an
MAAE, had mean TFPI levels of 24.119 + 10.933 ng/mL vs 20.499 +
10.515 ng/mL (P = .03), respectively (Supplementary Table 1). Due to
the significantly elevated levels of TFPI in patients with AAA who had
an MAAE, we focused on this protein and its association with MAAE in

patients with AAA over a 5-year period. Cox proportional hazard
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regression analysis and Kaplan-Meier analysis were then conducted
to determine associations between TFPI and the risk of MAAE over
this 5-year period. The mean follow-up time was 55 + 13 months, with
109 patients completing the full 5-year follow-up, with 17 deaths and
8 censored patients.

3.3.1 | TFPI levels and MAAEs in patients with AAA
Univariate Cox regression analysis demonstrated that TFPI was
significantly associated with both need for aortic repair (HR, 1.69;
95% Cl, 1.29-2.20; P < .001), and MAAE (HR, 1.37; 95% Cl, 1.06-1.77;
P = .02). Multivariate Cox regression analysis was then performed,
adjusting for the following covariates: age, sex, smoking status, and
history of hypertension, hypercholesterolemia, diabetes mellitus,
congestive heart failure, and coronary artery disease. After adjusting
for covariates, TFPl remained significantly associated with an
increased risk of the need for aortic repair, with an HR of 1.88 (95%
Cl, 1.38-2.56; P < .001), indicating that with every 1-unit increase in

z-score-normalized TFPI, there was an 88.2% increase in the risk of

TABLE 4 Demographics and clinical characteristics of patients with AAA (N = 134) who had an MAAE (n = 53) vs those who had not (n = 81).

Characteristic Overall (N = 134)

Age (y) 73+ 11
AAA diameter at baseline (cm) 3.10 + 1.21
Sex (male) 113 (42)
Hypertension 93 (35)
Hypercholesterolemia 108 (40)
Diabetes mellitus 30 (11)
Smoking status
Current 36 (13)
Past 80 (30)
Never 18 (7)
Congestive heart failure 7 (3)
Coronary artery disease 57 (21)
Medication
Statin 103 (38)
ACEi/ARB 77 (29)
B-blocker 44 (16)
Calcium channel blocker 34 (13)
Oral antihyperglycemic 19 (7)
Insulin 4 (1)
Antiplatelet 90 (67)
Anticoagulant 25 (19)
Dual antiplatelet and anticoagulant 12 (9)

Bolded text indicates variables with statistically significant differences.

MAAE (n = 53) No MAAE (n = 81) P
72+ 9 73 + 12 A7
4.60 + 0.87 3.76 + 0.69 <.001
45 (85) 68 (84) >.99
35 (66) 58 (72) 57
44 (83) 64 (79) .66
12 (23) 18 (22) >.99
12 (23) 24 (30) 43
33 (62) 47 (58) 72
8 (15) 10 (12) .80
2(4) 5 (6) .70
21 (40) 36 (44) .60
44 (83) 59 (73) 21
33 (62) 44 (54) .38
16 (30) 28 (35) 71
10 (19) 24 (30) 22
5(9) 14 (17) .33
2 (4) 2(2) >.99
38 (72) 52 (64) 45
7 (13) 18 (22) 26
2 (4) 10 (12) 12

AAA, abdominal aortic aneurysm; ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin Il receptor blocker; MAAE, major adverse aortic event.
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TABLE 5 Association between tissue factor pathway inhibitor
and MAAE by Cox proportional hazard regression analysis in patients
with AAA after 5-year follow-up.

Unadjusted HR Adjusted HR

Adverse event (95% Cl) P (95% Cl) P

Need for 1.69 (1.30-2.20) <.001 1.882 (1.384-2.560) <.001
aortic
repair

Rapid AAA 1.06 (0.70-1.59) .80 1.068 (0.695-1.640) 76
growth

MAAE 1.37 (1.06-1.77) .02 1.528 (1.154-2.022) .003

P value < .05 was considered statistically significant and are bolded.

AAA, abdominal aortic aneurysm; HR, hazard ratio; MAAE, major
adverse aortic event.

needing an aortic repair in the 5-year period. For MAAE, the HR was
1.53 (95% ClI, 1.15-2.02, P = .003), indicating with every 1-unit
increase in z-score-normalized TFPI, there was a 52.8% increased
risk of an MAAE in the 5-year period (Table 5 and Figure 1).
No other covariates were significantly associated with MAAEs

(Supplementary Table 2).

3.3.2 | Risk stratification of patients with AAA based
on TFPI levels

Patients were then split into high vs low levels of TFPI using receiver
operating characteristic analysis. Patients were considered as having
high TFPI levels if plasma TFPI was >25.961 ng/mL. Patients in the
high TFPI group had significantly higher baseline AAA diameters
(4.61 + 0.92 vs 3.94 + 0.73; P < .001) and were more likely to have
congestive heart failure (13% vs 2%; P = .02) than patients in the low
TFPI group, respectively. No other demographic or clinical charac-

teristics were significantly different between the 2 groups (Table 6).

TFPI

Patients in the high TFPI group also had significantly higher rates
of the need for surgical intervention (63% vs 23%; P < .001) and
MAAEs (82% vs 23%; P < .001) than patients with low TFPI levels.
There was no significant difference between the 2 groups in rates of
rapid AAA growth (Table 7).

Kaplan-Meier analysis demonstrated that patients in the high
TFPI group had significantly lower freedom from need for aortic repair
than those in the low TFPI group, with only 39% of patients in the high
group remaining free from the need for surgical repair compared with
78% in the low TFPI group (log rank, 22.2; P < .0001). Similarly,
regarding MAAEs, patients in the high TFPI group had significantly
lower freedom from MAAEs, with 53% of patients remaining free from
an MAAE compared with the low TFPI group, in which 78% remained
free from MAAEs (log rank, 22.2; P < .0001) (Figure 2).

3.4 | Association between biomarker levels and
aneurysm size at baseline

To investigate the link between biomarker levels and AAA, a simple
linear regression was conducted to determine the association between
plasma biomarker levels at baseline and AAA diameter at baseline in all
patients. Of the 7 markers, TFPI was linearly associated with aneurysm
size. Specifically, with every 1-unit increase in z-score-normalized TFPI
level, there was an increase in aneurysm size by 0.251 cm (95% ClI,
0.07-0.36; P = .004). No other biomarker was significantly linearly
associated with aneurysm size at baseline (Table 8).

4 | DISCUSSION

The results of this study suggest that TFPI may act as a potential
prognostic biomarker of MAAE. TFPI was significantly elevated in pa-

tients with AAA when compared with matched controls and was

Adjusted Hazard Ratio (95% CI)

MAAE -

Rapid AAA Growth =

—o—

FIGURE 1 Adjusted hazard ratios (HR)
and 95% Cls for major adverse aortic events
(MAAES) for every 1-unit increase in z-
score-normalized tissue factor pathway

Need For Surgical Intervention = I

I inhibitor (TFPI). Analysis was adjusted for
age, sex, smoking status (current, past,
never), and history of hypertension,
hypercholesterolemia, diabetes, congestive

Hazard Ratio

3 heart failure, and coronary artery disease.
AAA, abdominal aortic aneurysm.
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TABLE 6 Demographics and clinical characteristics of patients
with AAA (N = 134) with low (n = 96) vs high (n = 38) TFPI levels based
on receiver operating characteristic analysis.

Low TFPI High TFPI
Characteristic (n = 96) (n = 38) P
Age (y) 73 + 12 73+ 9 .90
AAA diameter at 3.94 + 0.73 4.61 + 0.92 <.001
baseline (cm)
Sex (male) 81 (84) 32 (84) >.99
Hypertension 70 (73) 23 (61) 21
Hypercholesterolemia 78 (81) 30 (79) 81
Diabetes mellitus 21 (22) 9 (24) 82
Smoking status
Current 25 (26) 11 (29) .830
Past 55 (57) 25 (66) 44
Never 16 (17) 2 (5) .10
Congestive heart failure 2(2) 5 (13) .02
Coronary artery disease 41 (43) 16 (42) >.99
Medication
Statin 74 (77) 29 (76) >.99
ACEi/ARB 58 (60) 19 (50) .33
B-blocker 26 (27) 12 (32) >.99
Calcium channel blocker 26 (27) 8 (21) 52
Oral antihyperglycemic 11 (11) 7 (18) 40
Insulin 3(3) 1(3) >.99
Antiplatelet 66 (69) 26 (68) .54
Anticoagulant 20 (21) 5(13) 46
Dual antiplatelet and 11 (11) 1(3) .18

anticoagulant

A patient was considered to have high TFPI if their baseline TFPI level
was >25.961 ng/mL. Bolded text indicates variables with statistically
significant differences.

AAA, abdominal aortic aneurysm; ACEi/ARB, angiotensin-converting
enzyme inhibitor/angiotensin 1l receptor blocker; TFPI, tissue factor
pathway inhibitor.

linearly associated with AAA diameter at baseline. Of 6 six markers
tested, only TFPI was significantly elevated in AAA patients who
experienced an MAAE compared with those without an MAAE. TFPI
was significantly associated with the need for aortic repair and MAAEs.
AAA patients with higher plasma TFPI levels were significantly less
likely to be free from the need for aortic repair and MAAEs in the 5-
year period.

AAA is a progressive cardiovascular disease that is characterized
by the proteolytic breakdown of the ECM within the media of the
abdominal aortic artery, leading to structural deficiencies that in-
crease the risk of rupture [23]. Aortic ruptures, though rare with
monitoring and early intervention, have a mortality of over 80%.
Recent studies have demonstrated that early screening in patients
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TABLE 7 Major adverse cardiovascular events in patients split
into 2 groups (High vs Low) by median HE4 level (9.338 ng/mL).

Overall High TFPI Low TFPI
Adverse event (N = 134) (n = 38) (n = 96) P
Need for 46 (34) 24 (63) 22 (23) <.001
aortic repair
Rapid AAA 24 (18) 17 (45) 7 (7) .92
growth
MAAE 53 (40) 31(82) 22 (23) <.001

Comparisons between the High HE4 vs Low HE4 group with P value < .05
were considered as statistically significant and are bolded.

AAA, abdominal aortic aneurysm; MAAE, major adverse aortic event.

>65 years of age can reduce the rates of death by >81% [24].
Determining patients who are at risk of adverse aortic events may be
beneficial to provide these patients with more strict medical man-
agement, earlier interventions, or more rigorous screening. There are
no current studies investigating protease and protease inhibitors and
their association with long-term AAA-related outcomes.

In this study, TFPI, a serine protease inhibitor, was associated
with the need for AAA repair and MAAEs in patients with AAA, and
those with higher levels of plasma TFPI were less likely to have
freedom from the need of aortic repair and MAAEs in the 5-year
period. It is well known that patients with AAA are at an increased
risk of thrombus formation both in the blood and within the intra-
luminal wall of the aorta, known as intraluminal thrombus (ILT) [25].
Damage to the aorta can lead to the exposure of tissue factor and the
initiation of coagulation [26]. TFPI release is enhanced by tissue factor
and hence, higher levels of TFPI in patients with MAAEs may be
related to a compensatory mechanism occurring in patients with
elevated ILT. ILT is associated with increased adverse aortic events
and known to increase AAA growth rates [27]. However, TFPI may not
only be influencing coagulation but may also affect ECM proteins as
well. Whether TFPI-1 can directly lead to ECM degeneration is un-
known; however, TFPI-2, a homolog of TFPI-1, is known to regulate
MMPs and modulate ECM degradation [28]. Elevated TFPI levels
being associated with MAAEs likely reflects a complex interplay of
coagulation, inflammation, endothelial dysfunction, and ECM modu-
lation, acting to regulate excessive inflammation and coagulation in
response to the pathological processes of AAA.

Other than surgical interventions, there are currently no available
therapeutic treatments to slow the progression of AAA or reduce the
risk of MAAE. AAA is managed through cardiovascular risk reduction,
as well as monitoring until the risk of rupture becomes significant
(when abdominal aortic diameter becomes >5.5 cm) [20]. In this study,
we showed the significant associations between TFPI and MAAEs in
patients with AAA. Although not investigated directly in this study,
targeting TFPI through medical therapy may serve as a new thera-
peutic method to prevent the complications associated with AAA.
Further research into these plasma proteins and the ability to medi-
cally target them could offer a new avenue for managing AAA and

reducing the risk of adverse outcomes.
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Prognostic markers may be beneficial as screening tools for pa-
tients with AAA and for risk stratification purposes. The current
guideline for screening patients with diagnosed AAA is 1 to 2 years;
however, some patients at risk of MAAEs may benefit from more
frequent follow-up appointments. Also, those who are at increased risk
of MAAEs could be offered more rigorous risk reduction therapy and
earlier surgical intervention to offset the risk of these adverse events.

There are some limitations to our study. First, this was a single-
center observational study with a relatively small sample size. A few
clinical characteristics that could potentially have influenced the
biomarker level association with MAAEs, such as race, body mass
index, and socioeconomic status, were not included in the analysis.
Race has been demonstrated to play a role in AAA diagnosis and

hence, its inclusion should be considered in future studies. Due to the

TABLE 8 Linear regression results for association between z-score
normalized biomarkers levels and AAA size at baseline in patients with
AAA.

Biomarker Coefficient (B) 95% ClI P
MMP-7 0.106 —0.04, 2.55 .16
MMP-8 —0.029 —0.18, 0.12 .70
TFPI 0.251 0.07, 0.36 .004
MMP-10 0.043 —0.11, 0.19 .57
Serpin A12 —0.094 —0.24, 0.05 22
Serpin B3/SCCA1 —0.013 —0.16, 0.14 .86

Bolded text indiciates variables that are statistically significant.

AAA, abdominal aortic aneurysm; MMP, matrix metalloproteinase;
SCCA1, squamous cell carcinoma antigen 1; TFPI, tissue factor pathway
inhibitor.

Months

observational nature of this study, residual confounding and selection
bias may not have been entirely ruled out. Tissue factor and factor Xa
levels and ILT were not investigated in this study. Future analysis of
TFPI in AAA patients with and without ILT may help to further
determine the mechanism for increased TFPI levels in patients with
AAA and those who have experienced an MAAE. Second, those pa-
tients who did not have a follow-up scheduled were contacted by
telephone to determine the occurrence of any events, which may have
led to recall bias. Tissue inhibitors of metalloproteinases, as well as
KLK7 and cathepsin L, which are the targets of the Serpins investi-
gated in this study, were not measured. In future studies, investigating
these serine proteases may help further elucidate the underlying
mechanisms of our results.

In conclusion, TFPI was significantly associated with MAAEs and
could potentially be used as a prognostic biomarker for MAAEs.
Further research is required in a larger sample of patients to further
elucidate the relationship between TFPI levels and MAAEs in patients
with AAA, as well as to investigate the potential of targeting this

marker for therapeutic intervention to reduce MAAEs.
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