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ORIGINAL RESEARCH

Arterial Age and Early Vascular Aging, But
Not Chronological Age, Are Associated With
Faster Thoracic Aortic Aneurysm Growth

Owais Mian, MD; Nicolas Santi 2, MD; Munir Boodhwani, MD; Luc Beauchesne, MD; Kwan-Leung Chan, MD;
Carole Dennie @@, MD; George A. Wells @2, PhD; Thais Coutinho @, MD

BACKGROUND: Aneurysm size is an imperfect risk assessment tool for those with thoracic aortic aneurysm (TAA). Assessing
arterial age may help TAA risk stratification, as it better reflects aortic health. We sought to evaluate arterial age as a predictor
of faster TAA growth, independently of chronological age.

METHODS AND RESULTS: We examined 137 patients with TAA. Arterial age was estimated according to validated equations,
using patients’ blood pressure and carotid-femoral pulse wave velocity. Aneurysm growth was determined prospectively from
available imaging studies. Multivariable linear regression assessed the association of chronological age and arterial age with
TAA growth, and multivariable logistic regression assessed associations of chronological and arterial age with the presence
of accelerated aneurysm growth (defined as growth>median in the sample). Mean+SD chronological and arterial ages were
62.2+11.3 and 54.2+24.5 years, respectively. Mean baseline TAA size and follow-up time were 45.9+4.0mm and 4.5+1.9years,
respectively. Median (interquartile range) TAA growth was 0.31 (0.14-0.52) mm/year. Older arterial age (3+SE for 1year:
0.004+0.001, P<0.0001) was independently associated with faster TAA growth, while chronological age was not (P=0.083). In
logistic regression, each 5-year increase in arterial age was associated with a 23% increase in the odds of accelerated TAA
growth (95% CI, 1.085-1.394; P=0.001).

CONCLUSIONS: Arterial age is independently associated with accelerated aneurysm expansion, while chronological age is not.
Our results highlight that a noninvasive and inexpensive assessment of arterial age can potentially be useful for TAA risk strati-
fication and disease monitoring as compared with the current clinical standard (chronological age).
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with high morbidity and mortality. Data from large-

scale studies show that thoracic aorta disease af-
fects nearly 0.16% of the population, but true prevalence
of TAA is likely much higher given its indolent behavior
and their discovery being incidental in about 1% of imag-
ing studies.? Patients who experience acute aortic syn-
dromes often have poor outcomes, with an approximate
22% prehospital mortality rate."® TAAs increase the risk

Thoraoic aortic aneurysms (TAAs) are associated

of acute aortic syndrome (AAS) by a factor of thousands.*
For this reason, current guidelines rely on aneurysm size
to determine timing of elective surgical repair to prevent
AAS.*8 However, evaluating TAA size alone is an imper-
fect risk strategy.”® Specifically, the IRAD (International
Registry of Acute Aortic Dissection) showed that 59%
of patients presenting with type A aortic dissections
had aortic diameters smaller than the usual 5.5cm size
cut off used for elective surgical repair of the aortic root
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CLINICAL PERSPECTIVE

What Is New?

e Arterial age measured by noninvasive methods
is independently associated with faster thoracic
aortic aneurysm expansion in the future, while
chronological age is not.

e Arterial age had the strongest association with
future aneurysm growth as compared with other
variables presently used in clinical assessment
of patients with thoracic aortic aneurysm.

What Are Clinical Implications?

e Arterial age and early vascular aging may pro-
vide a more individualized prediction of thoracic
aortic aneurysm disease progression as com-
pared with currently available methods for risk
stratification.

e Arterial age can be measured noninvasively
and inexpensively in the outpatient setting and
may potentially be used for individualized dis-
ease monitoring in patients with thoracic aortic
aneurysm.

Nonstandard Abbreviations and Acronyms

cfPWV carotid-femoral pulse wave velocity
EVA early vascular aging

and ascending aorta, and 40% of patients dissected
with aortic root or ascending aorta diameters <5.0cm.”
Therefore, there is a critical need to identify novel predic-
tors of TAA risk to help improve clinical management of
this disease.

Previous studies have shown that the majority of
patients with TAA (=60%) have degenerative forms
of aortopathy (degenerative TAA) and have identified
older age, hypertension, and TAA growth rate as inde-
pendent predictors of AAS.”'%"" |n a healthy aorta, the
media-rich layer of organized elastic fibers allows for
a buffering process in response to the high pressures
generated by the left ventricle with each heartbeat.
However, in aortic aneurysms, there is a breakdown
of elastic fibers, disorganization of vascular smooth
muscle cells, and media fibrosis.'”? Interestingly, this
same process is known to happen in the natural aging
of the aorta, and as such it has been suggested that
TAA may represent a focal, accelerated form of aortic
aging.'>'® Arterial age is predominantly determined by
aortic stiffness and has implications for the pressure-
buffering function of the aorta and the resulting pul-
satile arterial load."* Given the similar histopathological
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abnormalities present in natural aortic aging and in the
wall of a TAA, in this study we sought to evaluate the
role of arterial age on future TAA expansion, as com-
pared with the current standard of care in clinical eval-
uation of patients with TAA (chronological age).

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Participants and Baseline
Assessment

One hundred and fifty participants with TAA were re-
cruited from the University of Ottawa Heart Institute’s
Aorta Clinic and prospectively followed. One partici-
pant was lost to follow-up, and 12 had aortic surgery
or events before a second imaging study to calculate
growth, leaving 137 unoperated participants with lon-
gitudinal follow-up in our study. Details about inclusion
and exclusion criteria, and the assessment of baseline
characteristics, are outlined in Data S1. In short, we
included participants of at least 18years of age, with
a documented aneurysm of the thoracic portion of
the aorta (=40mm), and no previous history of aortic
surgery or AAS. Participants with all causes of TAA
were included in the study, simulating real-world clini-
cal practice. TAA cause was broadly categorized as
heritable TAA if associated with bicuspid aortic valve,
Marfan syndrome, Ehlers-Danlos syndrome, Loeys-
Dietz syndrome, familial thoracic aortic aneurysms and
dissections, or any genetic syndromes known to be as-
sociated with aortopathy. TAA cause was classified as
degenerative TAA if associated with chronological age
>50years and hypertension or other cardiovascular
risk factors, in the absence of heritable TAA causes as
above. Informed written consent was received from all
participants at the time of enrollment. Research ethics
approval was received from the University of Ottawa
Heart Institute’s Research Ethics Board.

Aneurysm Size and Growth Rate
Assessment

Imaging studies to assess aneurysm size included
transthoracic echocardiogram, computed tomogra-
phy, and magnetic resonance imaging, all of which
are recommended in guidelines for TAA surveillance.®
Further details of our imaging protocol are described
in Data S1. If a participant had the same imaging mo-
dality at baseline and follow-up, concordant imaging
was achieved. If the baseline imaging modality was
not subsequently repeated and a different imaging
modality was used in follow-up, this was defined as
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discordant imaging. Aneurysm size was measured at
the maximal diameter during diastole, by an imaging
cardiologist (T.C.) who was blinded to arterial age. We
have previously demonstrated excellent repeatabil-
ity and intra-observer agreement for TAA measure-
ments across all imaging modalities within our group.'®
Aneurysm growth rate, our dependent variable in the
linear regression models, was computed by dividing
the absolute change in TAA size by total follow-up time,
and reported as millimeters per year. “Accelerated TAA
growth,” our dependent variable in the logistic regres-
sion models, was defined as TAA growth greater than
the sex-specific median in the sample.

Estimation of Arterial Age

Arterial age was estimated using published validated
equations based on carotid-femoral pulse wave ve-
locity (cfPWV) and mean arterial pressure.'* Brachial
blood pressure was measured using an electronic
sphygmomanometer and a microphone over the right
brachial artery to enhance accuracy (Non-Invasive
Hemodynamics, NIHem—Cardiovascular Engineering
Inc., Norwood, MA)."® Blood pressure was measured
3 times, 2minutes apart, and their average was used
for analyses. Mean arterial pressure was calculated
as one-third of the systolic plus two-thirds of the di-
astolic brachial blood pressure.’"'® cfPWV is the gold
standard noninvasive measure of aortic stiffness' and
was assessed with arterial applanation tonometry
according to the protocol suggested by the Expert
Consensus Document on Arterial Stiffness®® (NIHem—
Cardiovascular Engineering Inc.). In summary, transit
distances from the suprasternal notch and the carotid
and femoral pulse sites were used to estimate aortic
path length (D) according to the subtraction method.?°
Aortic transit time (t) was estimated as the time be-
tween the onset of carotid and femoral waveforms,
using the QRS as the fiducial point. cfPWV was calcu-
lated as aortic path length (D)/aortic transit time (1), in
meters per second. Details of the validated equations
used to calculate arterial age can be found in Data S1.
For the purposes of our study, early vascular aging
(EVA) was defined as having an estimated arterial age
older than chronological age.

Statistical Analysis

For participants whose cfPWV was too low to be ap-
plied to the formula (n=4), the minimum value for arterial
age in the sample was inputted. For participants with
missing blood pressure data (n=3), mean blood pres-
sure values in the sample were inputted. Spearman
correlation coefficients were used to assess the cor-
relation of chronological age and arterial age with TAA
expansion rate. Then, TAA growth was log-transformed
after adding 1, to reduce skewness, and we performed
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multivariable linear regression models using log (TAA
growth+1) as the dependent variable. Chronological
age and arterial age were first assessed in separate
models as the independent variables of interest, then
together in the same model to assess the association
of arterial age with TAA growth once chronological age
was accounted for. Standardized B coefficients (£*)
were also calculated to directly compare strength of
association among variables in the model. Next, we
conducted multivariable logistic regression to predict
accelerated aneurysm growth, adjusted for the same
variables as in the linear regression models above, and
assessing chronological age and arterial age first in
separate models, then in the same model. Model per-
formance was assessed with the c-statistic, initially for
a base model that included all clinical covariates above
but no chronological or arterial age, then for the base
model with added chronological age, arterial age, or
both.

Linear and logistic regression model covariates
included clinically relevant parameters: sex, body
surface area, mean arterial pressure, aneurysm loca-
tion, cause, and baseline size, time between studies,
concordant/discordant nature of imaging modalities,
and previous history of hypertension, diabetes, hy-
perlipidemia, and smoking. In sensitivity analyses, we
performed variable selection for the linear and logistic
regression models using a stepwise approach with cri-
teria of P<0.25 to enter, and P<0.10 to stay in the mod-
els. We then compared the results to the fully adjusted
models.

Statistical analyses were conducted using JMP ver-
sus 13 (SAS Institute Inc, Cary, NC), and a 2-sided P
value <0.05 was considered statistically significant.

RESULTS

Table 1 presents the participants’ baseline charac-
teristics. The mean+SD for chronological and arterial
age were 62.2+11.3 and 54.2+24.5years, respectively.
Thirty-one percent of study participants were women.
EVA was present in 29.2% of participants. The
mean=SD size of aneurysm at time of enrollment and at
final follow-up was 45.9+4.0 and 47.3+3.7 mm, respec-
tively, with an average follow-up time of 4.5+1.9years.
The median (interquartile range) TAA growth rate was
0.31 (0.14, 0.52) mm/year.

The Spearman p for chronological age and TAA
growth was not statistically significant (p=0.13,
P=0.122), while arterial age was significantly correlated
with future TAA growth (p=0.35, P<0.0001). There was
a moderate correlation between chronological age and
arterial age (p=0.65, P<0.0001).

Linear regression assumptions were met. Table 2
shows the multivariable linear regression models to
predict TAA growth rate, expressed as log (growth
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Table 1. Baseline Characteristics of the Participants
(n=137)
Mean=SD or n
Variable (%)
Age, y 62.2+11.3
Arterial age, y 54.2+24.5
Early vascular aging, n (%) 40 (29.2%)
Male sex, n (%) 94 (68.6%)
Height, cm 173.8+8.7
Weight, kg 86.2+16.9
BMI, kg/m? 28.5+4.9
Hypertension, n (%) 62 (45.2%)
Diabetes, n (%) 5(3.7%)
Hyperlipidemia, n (%) 58 (42.3%)
Ever smoking, n (%) 69 (50.4)
Brachial blood pressure
Systolic blood pressure, mmHg 125.1£16.1
Diastolic blood pressure, mmHg 67.0£9.5
Mean arterial pressure, mmHg 89.4+9.6
Aneurysm characteristics
Degenerative/heritable 74/63
Baseline aneurysm size, mm 45.9+4.0
Largest aneurysm site (root/ascending/descending) | 33/103/1
Imaging
MRI/CT/echocardiography 63/31/43
Concordant/discordant imaging modalities 80/57
Follow-up, y 4.5+1.9
Last aneurysm size, mm 47.3+3.7
TAA growth rate, median (IQR) 0.31 (0.14,0.52)

BMI indicates body mass index; CT, computed tomography; ECHO,
echocardiogram; IQR, interquartile range; MRI, magnetic resonance
imaging; and TAA, thoracic aortic aneurysm.

rate+1) in fully adjusted models. In summary, older ar-
terial age was independently associated with faster
TAA growth, while chronological age was not. The
association of arterial age with TAA growth was also
independent of chronological age, when both age
variables were added to the model. Importantly, when
standardized beta coefficients were compared among
covariates, we observed that arterial age had the stron-
gest association with aneurysm growth as compared
to other clinical covariates used in practice, including
TAA size. When models were additionally adjusted for
antihypertensive and lipid-lowering medication use, in-
ferences remained unchanged (analysis not shown). In
sensitivity analyses, after stepwise variable selection,
the following variables were included in the model: sex,
time between studies, and aneurysm size and loca-
tion. In this model, arterial age remained independently
associated with future, faster aneurysm expansion,
with similar coefficients as in the fully adjusted models
(B£SE: 0.003+0.0007, P<0.0001. Model R?: 0.38).
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Multivariable logistic regression models to predict
accelerated TAA growth are depicted in Table 3. The c-
statistic for the base model that included usual clinical
variables was 0.660. Arterial age was independently
associated with accelerated TAA growth and in-
creased the c-statistic to 0.708 when added to the
base model. When both chronological age and arterial
age were added to the model, arterial age remained in-
dependently associated with accelerated TAA growth,
while chronological age was not. In sensitivity analy-
ses, after stepwise variable selection, the following
variables were included in the model: age, aneurysm
location, time between studies, and hyperlipidemia. In
this model, arterial age remained independently as-
sociated with future, faster aneurysm expansion, with
similar odds ratio (OR) as in the fully adjusted model
(OR, 1.180 [95% ClI, 1.057-1.317]; P=0.003).

DISCUSSION

To our knowledge, this is the first study to assess ar-
terial age as a marker of disease activity in patients
with TAA, demonstrating that EVA is common among
patients with TAA (affecting one-third of them) and
that greater arterial age is independently associated
with accelerated TAA growth. Importantly, we dem-
onstrated that arterial age has the strongest asso-
ciation with future aneurysm expansion as compared
with clinically available variables, including chronologi-
cal age and aneurysm size, which are, presently, the
greatest drivers of clinical decisions in TAA. These find-
ings highlight the potential of arterial age in improving
clinical assessment of disease activity and risk in TAA
(Figure).

Current Pitfalls in the Clinical
Management of TAAs, and the Potential
Use of Arterial Age

As the most feared complication of TAAs is AAS, cur-
rent guidelines suggest prophylactic surgical repair
when the aneurysm reaches a critical size (5.5cm in
most patients with TAA?") in hopes to avoid this omi-
nous complication. However, according to the IRAD,
>b50% of dissections will occur in patients with aortic
diameters smaller than 5.5cm.” Thus, TAA size alone
is an imperfect risk stratification tool. For a disease as
deadly as TAA/AAS, it is of utmost importance that
we continue refining our methods for risk stratification
to improve accuracy and, by doing so, improve future
outcomes. Based on our findings, the estimation of ar-
terial age in TAA carries significant potential to improve
the identification of patients at risk for accelerated an-
eurysm growth, which may highlight a more unstable
aortic pathology.
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Table 3. Multivariable Logistic Regression Models to Assess Future Accelerated TAA Growth (Growth>Sex-Specific
Median)

Chronological age alone c-statistic: Chronological age+arterial age
Model 0.660 Arterial age alone c-statistic: 0.708 c-statistic: 0.728
Variable OR 95% ClI P value |OR 95% ClI Pvalue |OR 95% ClI P value
Chronological age, 5y 0.985 0.783-1.238 |0.895 0.769 0.582-1.017 |0.066
Arterial age, 5y 1.161 1.045-1.290 |0.005 1.230 1.085-1.394 | 0.001
Male sex (vs female sex) 0.923 0.360-2.537 |0.867 0.900 0.339-2.387 |0.832 0.941 0.350-2.527 |0.904
BSA, 1m? 0.985 0.130-7.461 |0.988 1.110 0.154-8.005 |0.917 0.551 0.065-4.649 |0.584
dTAA (vs hTAA) 1.011 0.388-2.632 |0.983 0.593 0.285-0.227 |0.285 0.781 0.286-2.137 | 0.631
Baseline TAA size, Tmm 1.057 0.956-1.040 |0.281 1.015 0.914-1128 |0.778 1.026 0.923-1.140 |0.639
Time between studies, 1y | 0.888 0.730-1.080 |0.233 0.839 0.682-1.031 |0.094 0.841 0.683-1.035 |0.102
Non-root aneurysm location | 1.681 0.619-4.567 |0.308 1.685 0.635-4.467 |0.295 2.484 0.845-7.299 |0.098
Concordant imaging 0.771 0.365-1.626 |0.494 0662 0.306-1.432 |0.295 0.607 0.276-1.334 |0.214
modalities (vs discordant)
Hypertension 1.009 0.432-2.236 |0.983 0.744 0.301-1.835 |0.521 0.713 0.285-1.784 |0.470
Diabetes 0.623 0.082-4.752 |0.648 0.493 0.055-4.393 |0.526 0.473 0.051-4.377 |0.509
Ever smoking 1.246 0.585-2.653 |0.569 1.323 0.611-2.886 |0.474 1.568 0.702-3.505 |0.273
Hyperlipidemia 2.396 1.046-5.487 |0.039 2.066 0.906-4.710 |0.085 2.579 1.081-6.154 | 0.033
MAP, 1mmHg 0.999 0.959-1.040 |0.959 1.002 0.961-1.044 |0.940 1.008 0.966-1.052 |0.704

BSA indicates body surface area; dTAA, degenerative thoracic aortic aneurysm; hTAA, hereditary thoracic aortic aneurysm; MAP, mean arterial pressure;

OR, odds ratio; and TAA, thoracic aortic aneurysm.

The other important pitfall of TAA care is the lack
of established nonsurgical interventions and therapeu-
tic targets outside of Marfan aortopathy (for whom the
use of beta blockers and angiotensin receptor blockers
to decelerate aneurysm growth rests on randomized
clinical trial data).?? As such, clinicians and patients are
limited to blood pressure control and watchful waiting
until an irreversible abnormality occurs, necessitating
surgical repair. This highlights the need to identify novel
therapeutic targets that may be used to develop and
test medical therapies aimed at containing disease ac-
tivity and obviating the need for surgery. In this context,
our findings suggest arterial age as a potential ther-
apeutic target for the development of novel medical
therapies for TAA.

Structural Changes of the Aging Aorta
With Links to TAA

To understand the role of arterial aging in TAA, it is
imperative to understand the histopathological similari-
ties between natural aortic aging and TAA. The aortic
wall is composed of 3 layers and is continually subject
to pulsatile stress from the high pressures generated
by the beating left ventricle.'® Elastic fibers and fibrillar
collagens represent about 60% of the normal aortic
media layer, and the remaining is composed of smooth
muscle cells. This structure gives the aorta its essen-
tial pressure-buffering capacity, as well as the ability to
withhold high pressures generated by the left ventricle.
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However, as the aorta ages naturally, over time the re-
petitive pulsatile stress leads to fatigue of the elastic
fibers in its wall, with eventual breakdown and loss of
the elastic fibers within the media layer.'”> This is ac-
companied by medial fibrosis (collagen deposition) and
disorganization of the vascular smooth muscle cells.
Resulting from this process, the aortic wall becomes
stiffer over time, and as such demonstrates decreased
capacity to buffer pulsatile pressure. Interestingly, these
exact changes occur in the wall of a TAA regardless of
chronological age, to the point that experts have sug-
gested that a TAA represents a focal, accelerated form
of aortic aging.'? Aortic calcification is also a marker of
arterial aging and contributes to aortic stiffness, albeit
only modestly (r=0.39)* to moderately (r=0.60).>* As
such, assessing arterial aging based on aortic stiffness
is preferable to evaluating aortic calcification alone.
While the latter lacks age-based normative values, the
former is also the recommended method,?® making
aortic stiffness a more attractive marker for estimation
of arterial age.

In this context, it is possible that assessment of
arterial age provides insights into the overall struc-
ture and function of the aorta that may be further
compromised by additional structural damage to the
media imposed by the TAA. This framework allows
us to understand how arterial age can independently
associate with faster TAA expansion, serving as a
noninvasive biomarker of aortic health and TAA dis-
ease activity.
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MeantSD age: 62.2 + 11.3 y, 69% men
Mean#SD arterial age: 54.2 + 24.5 years

EVA present in 29% of participants

Arterial Age

MeanSD last TAA size:
47.3+%3.7 mm

MeantSD baseline TAA
size: 45.914.0 mm

9

[\ =137 participants with unoperated TAA 240 mm

Arterial age independently associated
with future TAA expansion
B * SE for 1-y increase:
0.004 + 0.001, B*: 0.420, P<0.0001

Baselme |magmg
study

ﬂ:

Figure. Independent associations of arterial age and chronological age with future thoracic aortic aneurysm expansion.

Arterial age is associated with faster thoracic aortic aneurysm growth, while chronological age is not. Further, arterial age had the
strongest association with thoracic aortic aneurysm expansion as compared with all other clinical variables, including aneurysm size.
EVA indicates early vascular aging, defined as arterial age>chronological age; TAA, thoracic aortic aneurysm; and f*, standardized

Imaging follow-up
(4.5+1.9y)

Q L

Ch%l Age ]

Chronological age not independently
associated with future TAA expansion
B % SE for 1-y increase:
-0.004 + 0.003, B*: -0.206, P=0.083

coefficient.

Role of Arterial Age in Other Forms of
Cardiovascular Disease

Arterial age and EVA can be estimated by different
methodologies.?® Although our study is the first to as-
sess the role of arterial age in TAA, other groups have
reported the use of arterial age/vascular age/EVA as
predictors of adverse outcomes in other forms of car-
diovascular diseases. Stein et al have described that
the noninvasive measurement of carotid intima-media
thickness to determine a patient’s vascular age helps
reclassify patients’ risk of complications from coronary
artery disease using the Framingham Risk Score.?” In
this study, vascular age was determined by linear re-
gression modeling using published nomograms of ca-
rotid intima-media thickness percentiles according to
chronological age, sex, and race.?” Adjusted 10-year
coronary heart disease risk estimates were calculated
after substituting vascular age for chronological age,
leading to about 15% of subjects being reclassified to
a higher risk group when vascular age was used over
chronological age.?” Thus, the atherosclerotic burden
of individuals with the same chronological age and
similar risk profiles can differ substantially.?®-3% Thus,
using vascular age as substitute for chronological
age in risk calculation formulas increased the 10-year
coronary heart disease risk estimates.?” Moreover,

additional studies have shown that although arteries
undergo natural changes in response to aging, these
same processes are accelerated in the presence of
cardiovascular diseases,®' which independently pre-
dicts future stroke and myocardial infarction.®® In a
large cohort from Sweden, vascular age was highly
correlated with adverse cardiovascular events, with
patients who exhibited EVA having a 2.7-fold increase
in the risk of cardiovascular events as compared with
those who had normal vascular aging.®® Additionally,
EVA has a higher predictive value to determine car-
diovascular events compared with single snapshot
blood pressure measurements, highlighting its clinical
significance.®*

As such, there is growing evidence to support the
use of arterial age in cardiovascular risk prediction; our
study adds to this body of literature by demonstrating
the potential role of arterial age in TAA management.

Strengths and Limitations

Our study is not without limitations. Firstly, different im-
aging modalities were used to assess TAA size. This,
however, reflects real-world clinical practice, which in-
creases the external validity of our study. Importantly,
we have previously shown excellent intra-observer
agreement for TAA size measurement across imaging
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modalities’™ and adjusted our regression models for
the concordant/discordant nature of imaging, dem-
onstrating that arterial age’s association with TAA ex-
pansion was independent of the nature of the imaging
studies. Moreover, using AAS as the outcome variable
of interest would have been ideal; however, this will re-
quire larger cohorts with longer periods of observation
given the low proportion of AAS among patients with
TAA undergoing careful surveillance. However, we be-
lieve our choice of TAA expansion as an outcome is still
robust, as TAA growth is associated with AAS, and as
such has been the outcome of choice in all clinical trials
of TAA.?? Lastly, our protocol did not include measure-
ment of circulating biomarkers potentially associated
with extracellular matrix remodeling and arterial aging,
which remains amenable to testing in future studies.

CONCLUSIONS

Our findings highlight that arterial age, which conveys
information about aortic health and function, is inde-
pendently associated with accelerated TAA growth,
while chronological age is not. Importantly, arterial
age was the clinical parameter with the strongest as-
sociation with TAA expansion, even when compared
with the present standard of care for clinical decisions
(aneurysm size). Arterial age is a parameter that can
be measured noninvasively and represents a concept
that is readily understood by health care providers
and patients (for example, while an individual without
knowledge of arterial function may not be able to read-
ily interpret the values of cfPWYV in meters per second,
anyone can understand arterial age in years as com-
pared with one’s chronological age). Moreover, the
simplicity and inexpensive nature of this test further
increase the clinical applicability of arterial age, as it
can be measured in an office setting without risks to
patients. As such, arterial age carries significant poten-
tial as a novel marker of TAA disease activity that may
be integrated as part of individualized risk stratification
and disease monitoring algorithms for TAA.
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Study participants and baseline characteristics assessment

All participants were recruited from the University of Ottawa Heart Institute’s Aorta Clinic
between. Patients were excluded from the study if they had a previous surgical repair of the
aorta, suffered an acute aortic syndrome, a history of aortic valve replacement, aortic stenosis
with a systolic mean gradient >20 mmHg, worse than moderate aortic regurgitation, permanent
atrial fibrillation or flutter, previous carotid endarterectomy or stenting, or previous lower
extremity bypass (all of which could impair the accuracy of non-invasive hemodynamic
assessment). Baseline characteristics were assessed at enrollment. Patients were asked about
their previous medical history and smoking status through a standard questionnaire. Weight
was measured in kilograms (kg) using a standardized digital scale and height was assessed using
a stadiometer in meters (m). From this, body mass index (BMI) was calculated as kg/m?2. Body
surface area (BSA) was calculated using the Gehan method?°. Blood pressure measurements
were taken using a digital sphygmomanometer while the patient was laying supine, three
times, with two-minute intervals between readings. The average from the three readings was
recorded. TAA etiology was classified as heritable (hTAA) if caused by heritable conditions such
as bicuspid aortic valve, Marfan’s syndrome, Loeys-Dietz syndrome, Ehlers-Danlos syndrome,
etc; or degenerative (dTAA) if occurring in the presence of hypertension or other cardiovascular

risk factors and in the absence of known heritable conditions.



Measurement of arterial age

Arterial age was estimated using published validated equations based on aortic stiffness and
brachial blood pressure. The gold standard to measure aortic stiffness is carotid-femoral wave
velocity (cfPWV)®°. Trained and experienced sonographers conducted the study, and all
measurements were obtained with patients laying supine in a darkened room with controlled
temperature. To minimize effects from exogenous sources, twelve hours prior to study,
patients were asked to avoid any medications with vasoactive properties, alcohol, tobacco and

caffeine.

cfPWV was assessed by arterial tonometry. Transit distances were obtained from the carotid
tonometry site to the manubrium sternum and from the manubrium sternum to the femoral
artery which estimated aortic path length (D) according to the subtraction method. The time (t)
between the onset of carotid and femoral waveforms was determined from tonometry of the
carotid and femoral arteries with simultaneous ECG recordings. This was reported as the mean
from at least 10 consecutive cardiac cycles. cfPWV was calculated as D/t (m/s), where D is
distance in meters and t is the time interval in seconds. Reproducibility of this assessment has
been shown to be excellent, with correlation coefficients above 0.90%. For example, within-

observer variability for cfPWV has been shown to be very low (0.07 + 1.17 m/s).

Brachial blood pressure readings were spaced 2 minutes apart and averaged over 3 times.

Blood pressure was measured with patients lying supine in a dark room with controlled



temperature. An electronic sphygmomanometer was used. A microphone over the right
brachial artery was applied with the user listening with headphones, to enhance accuracy of the
measurements (Non-Invasive Hemodynamics, NIHem — Cardiovascular Engineering Inc.
Norwood, MA, USA). Average brachial systolic (SBP) and diastolic (DBP) blood pressure readings

were obtained. MAP was calculated as [(2 * DBP) + SBP] / 3.

The above values were inputted into validated equations to calculate arterial age which are

shown below:

If optimal blood pressure (BP): \/@
0.00083
If normal BP: \/@
0.00099
If high-normal BP: \/@
0.00105
If grade 1 hypertension (HTN): W

cfPWV-5.73
0.00085

If grade 2-3 HTN: \/ + 669.89610 — 25.88235

Assessment of aneurysm size and growth rates

TAA size was determined at baseline with one of three validated imaging modalities
recommended as per guidelines for surveillance of TAA®: transthoracic echocardiogram (TTE),
gated computed tomography (CT) or gated magnetic resonance imaging (MRI). Aneurysm size
was documented by using the portion of the aorta with the widest diameter as per the imaging

studies. Maximum aneurysm size was calculated at the time of enrollment and then repeated



at the last follow-up visit. To optimize consistency, efforts were made to use identical imaging
modalities throughout follow-up (concordant imaging). When the baseline imaging modality
was not subsequently repeated, a different imaging modality was used to measure the aorta in
follow-up (discordant imaging). The specific protocols for each imaging modality is stated

below.

Transthoracic Echocardiography

For participants undergoing imaging with transthoracic echocardiography, images were
obtained using either a Philips iE33, Philips EPIQ or GE Vivid7 ultrasound machine with a cardiac
probe. Images of the aortic root were obtained at the level of the mid-sinuses of Valsalva in a
left parasternal long axis view. The ascending aorta was also measured in left parasternal long
axis (PLA) view, in addition to a modified left PLA view which was obtained from one
interscostal space above the standard PLA imaging site. This allowed for better delineation of
the mid-ascending aorta. A right PLA view was used as needed in order to provide supplemental
information. The aorta size was measured at the level of the root and the widest portion of the
ascending aorta, in diastole, using a leading edge to leading edge technique as per published

guidelines®’.

Computed Tomography
A Siemens Flash CT scanner (Siemens Inc., Erlangen, Germany) was used to obtain images. For
smaller patients, with a lung width that was smaller than the field of view, a high-pitch ECG-

triggered technique was used with automated kVp selection (which was based on patient size



and quality reference mAs of 500) and 60 cc Omnipaque 350 was injected through an
antecubital fossa vein at 4 cc/sec. For participants that were larger, a prospective ECG-triggered
axial sequential image acquisition was performed using 100-120 cc Omnipaque 350 at 4 cc/sec.
An image was obtained after 10 seconds following the injection bolus in the ascending aorta
reaching 100. The image was obtained during an inspiratory breath hold. In terms of the flash
and axial sequential techniques, a 0.6 mm scan thickness with a rotation speed of 0.28 sec and
pitch of 3.2 was used. For reconstruction of the images, a 0.6 mm thick mediastinal image was
made in the axial plane and a 2 mm reconstruction image in the coronal and sagittal oblique
planes. Picture Archiving Computer System (PACS) was used to analyze the images in detail.
Sagittal and coronal images were used to obtain the double-oblique measurements of the
following: sinuses of Valsalva [three measurements made from cusp to opposite commissure
(1)1, sinotubular junction, ascending aorta, aortic arch, proximal, mid and distal descending

aorta. An inner-edge to inner-edge technique was used for making measurements.

Magnetic Resonance Imaging

The machine used for MRl images was a 1.5T scanner (Siemens Aera) using a 32-channel
phased-array body coil with standard Black Blood HASTE spin-echo sequences in the axial
planes, from the apex of the lung to the diaphragm, with cardiac gating and phase reordering
with respiration (TE:43 msec, field of view: 45 cm, slice thickness: 6 mm, interslice gap: 1 mm).
Specifically, ECG-gated 3-D SSFP images of the thoracic aorta were obtained in the sagittal
oblique plane with the following imaging parameters [FOV 400 x 400 mm?, matrix size 302 x

302, slice thickness 1.3 mm (no interpolation), leading to a true voxel size of 1.3 x 1.3 x 1.3



mm?3, flip angle (FA) 90°, bandwidth 967 Hz/pixel, TE 1.1 ms, repetition time (TR) 2.3 ms, 60
segments, parallel imaging (GRAPPA;R=2) and 24 integrated reference lines]. If it was felt that
the image quality obtained was suboptimal, 5 ml Gadavist® 0.1 mmol/kg (Bayer Healthcare
Pharmaceuticals Inc.;Wayne, NJ) was automatically injected at 2 mL/sec via a power injector
(Medrad, Inc. USA; Warrendale, Pa) (after a scan delay determined by test-bolus injection of 1
mL of total weight-based dose of contrast medium and a timing formula). 15 consecutive
sagittal oblique T1w 3D datasets (TR/TE 2.8/1.2 ms; FA 25°; slices 64; matrix 231 x 320; spatial
resolution 1.9 x 1.6 x 2.1 mm?, effective temporal resolution 1.6 s) were acquired using the
TWIST sequence and parallel imaging technique (GRAPPA; R = 2) and then a 3-D spoiled
gradient-echo sequence [repetition time, 3.2 to 3.4 ms; echo time, 1.1 to 1.3 ms, GRAPPA
acceleration factor, 2; mean voxel size, 1 x 0.9 x1.3 mm (no interpolation), average time of
acquisition, 17 + 2.5 sec (range,12.8-21.8 sec)] will be done before and after injection.
TeraRecon software was used to analyze the images. To obtain measurement of TAA, the
internal diameter of the aorta at its widest part, in diastole, perpendicular to the axis of blood

flow was used, according to published guidelines?’.
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