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This issue of the Yale Journal of Biology and Medicine (YJBM) focuses on Big Data and precision 
analytics in medical research. At the Aortic Institute at Yale New Haven Hospital, the vast majority of 
our investigations have emanated from our large, prospective clinical database of patients with thoracic 
aortic aneurysm (TAA), supplemented by ultra-large genetic sequencing files. Among the fundamental 
clinical and scientific discoveries enabled by application of advanced statistical and artificial intelligence 
techniques on these clinical and genetic databases are the following: From analysis of Traditional “Big 
Data” (Large data sets). 1. Ascending aortic aneurysms should be resected at 5 cm to prevent dissection 
and rupture. 2. Indexing aortic size to height improves aortic risk prognostication. 3. Aortic root dilatation 
is more malignant than mid-ascending aortic dilatation. 4. Ascending aortic aneurysm patients with 
bicuspid aortic valves do not carry the poorer prognosis previously postulated. 5. The descending and 
thoracoabdominal aorta are capable of rupture without dissection. 6. Female patients with TAA do more 
poorly than male patients. 7. Ascending aortic length is even better than aortic diameter at predicting 
dissection. 8. A “silver lining” of TAA disease is the profound, lifelong protection from atherosclerosis. 
From Modern “Big Data” Machine Learning/Artificial Intelligence analysis: 1. Machine learning 
models for TAA: outperforming traditional anatomic criteria. 2. Genetic testing for TAA and dissection 
and discovery of novel causative genes. 3. Phenotypic genetic characterization by Artificial Intelligence. 
4. Panel of RNAs “detects” TAA. Such findings, based on (a) long-standing application of advanced 
conventional statistical analysis to large clinical data sets, and (b) recent application of advanced machine 
learning/artificial intelligence to large genetic data sets at the Yale Aortic Institute have advanced the 
diagnosis and medical and surgical treatment of TAA.
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INCEPTION OF THE AORTIC INSTITUTE 
AND ITS DATABASE

The genesis of the Aortic Institute at Yale New Hav-
en Hospital transpired on a crisp spring Saturday morning 
in 1993 when one of the authors of this manuscript, Dr. 
Elefteriades, happened to be solely in charge of his small 
children. Lo and behold, a call came in from preeminent 
cardiologist Dr. Lawrence Cohen, who was atypically 
distraught. A Yale Professor’s wife, a patient of Dr. Co-
hen’s, was dying in the Emergency Room, having just 
suffered a ruptured Type A aortic dissection. Dr. Elef-
teriades left his two children with a barely known neigh-
bor and rushed to the hospital. He performed successful 
emergency surgery, replacing the dissected aorta. That is 
how Dr. Elefteriades met Dr. John Rizzo, a Professor of 
Epidemiology at Yale, at the bedside of his deteriorating 
wife—before the life-saving surgical intervention. It was 
Dr. Rizzo’s wife, Ms. Carmela Kolman, who needed the 
operation and who was ultimately restored to decades of 
health.

Before the near-catastrophic aortic dissection event, 
Ms. Kolman had known of the enlargement of her aor-
ta, which did not meet contemporary criteria for preven-
tative surgical intervention. As Ms. Kolman recovered, 
Dr. Elefteriades and Dr. Rizzo had conversations during 
evening rounds about how Carmela’s case pinpointed the 
need for improved, scientifically based intervention crite-
ria. Ms. Kolman had been under surveillance for her mod-
estly dilated ascending thoracic aortic aneurysm (TAA). 
Contemporary criteria had failed her. Dr. Elefteriades and 
Dr. Rizzo mused about potentially writing a paper togeth-
er someday about aortic disease, and those discussions 
proved to be the genesis of the Aortic Institute at Yale.

It was specifically Dr. Rizzo’s ability to develop 
techniques and formulas for handling the ensuing aortic 
aneurysm “Big Data” repository, that permitted the scien-
tific advances in aortic disease which followed that inaus-
picious start in the Yale Emergency Room in 1993.

Since then, the Aortic Institute at Yale New Haven 
Hospital has evolved into one of the largest multidisci-
plinary clinical and research centers in the world dedicat-
ed to the care of patients with thoracic aortic disease. The 
Aortic Institute at Yale is among the first, if not the very 
first, such formally designated centers in the country. The 
Aortic Institute team has published over 350 papers on 
aortic disease over the last three decades, all founded on 
our database, one of the largest such repositories extant, 
with Ms. Carmela Kolman as patient #1 [1,2]. Most large 
academic or clinical care hospitals now harbor an “Aor-
tic Institute” or equivalent, our own having been founded 
and proliferating via analysis of large data sets.

CONVENTIONAL “BIG DATA” ORIGINS OF 
AORTIC INSTITUTE RESEARCH FINDINGS

At the inception of the Aortic Institute in 1993, “Big 
Data” carried a different connotation than it does today. 
The Aortic Institute was from inception considered a “Big 
Data” endeavor not in today’s sense of machine learning 
analysis of large data sets, but rather by virtue of the large 
number of patients enrolled in its clinical programs and 
codified in its “Database.” Instead of dozens or hundreds 
of patients, the Aortic Institute, by virtue of its robust 
clinical program, rapidly amassed a database including 
thousands of patients with aortic disease—hailing from 
around the country and the world. The sheer volume of 
data contained in the Yale Aortic Institute Database set 
this apart from earlier efforts and permitted detailed sci-
entific analysis of clinical behavior of the aorta. Through 
advanced statistical techniques developed by Dr. Rizzo 
for analyzing aortic disease, many novel, impactful clin-
ical insights were able to be achieved. For example, Dr. 
Rizzo devised a novel “instrumental variables” approach 
for calculating aortic growth, which minimized the dele-
terious impact of measurement error in assessing aortic 
diameter. He expressed this as [3]:

lnSM
L-lnSM

F = β0T X β1T ∗ RISK, where SM
L is the 

last aortic size, lnSM
F is the first aortic size, T is time, 

and RISK is a compilation of empirically determined risk 
factors. Note that at T=0, the first and last measured size 
must be the same.

This advanced analytic approach formed the basis 
for many future investigations. This represented cutting 
edge analysis for the time period.

The Database currently harbors information on 
over 4,000 patients with aortic disease and detailed im-
aging (including verified re-measurements of aortic di-
mensions) on close to 3,000 patients. The database also 
includes Whole Exome Sequencing (WES) of blood or 
saliva of 512 patients, and WES of 1,260 aortic tissue 
specimens resected by Dr. Elefteriades during aortic sur-
gery. Each WES includes base identification (A (adenine), 
G (guanine), C (cytosine), and T (thiamine)) of approxi-
mately 20,000 protein-coding genes and 30 million base 
pairs, which is approximately 1-2% of the entire human 
genome [4]. Our sample set totals approximately 1,800 
human genetic sequences in patients bearing thoracic 
aortic aneurysms. The blood and saliva sequencing has 
been performed by the Yale Clinical Genetics Laborato-
ry, under the direction of Dr. Allen Bale. The sequencing 
and analysis of the aortic tissue specimens has been per-
formed via collaboration with Regeneron Genetics Cen-
ter and Dr. Wendy Chung of Columbia University. This 
work forms the basis for the PhD candidacy of the Aortic 
Institute’s own Dr. Bulat Ziganshin, one of our long-term 
Research Directors.
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The patient and image volume can be considered 
“Big Data” in the conventional sense. The huge amount 
of genetic data can be considered “Big Data” in the mod-
ern sense. We will present below key findings from the 
“Conventional” and “Modern” Big Data efforts.

In addition to our work with Dr. Rizzo, Nicolai Ost-
berg from our team, and Dr. Wei Sun and Dr. Liang Liang 
from Georgia Tech University and University of Miami, 
have analyzed our data using advanced Artificial Intelli-
gence techniques, resulting in several new insights [5-8].

Our previous contribution to the 2008 issue of the 
Yale Journal of Biology and Medicine (YJBM) outlined 
several initial critical insights into the “Playbook” of tho-
racic aortic disease, gleaned from clinical and laborato-
ry investigations undertaken at that time [9]. Our TAA 
and dissection database has been the foundation of these 
investigations, allowing us to unravel the natural history 
of aneurysms of the thoracic aorta, so as to better guide 
optimal timing for surgical treatment. Aside from devel-
opment of size criteria for surgical intervention, the large 
database has permitted nearly innumerable other insights 
to be achieved. Some of this work is summarized here – 
in a 15-year follow-up to our initial YJBM publication.

Initial natural history efforts. Our earliest natural 
history studies, comprising a few hundred ascending and 
descending TAA patients, revealed sharp “hinge points” 
in the aortic size at which the risk of dissection and rup-
ture escalated dramatically: By the time the ascending 
thoracic aorta reached a size of 6.0 cm and the descend-
ing thoracic aorta a size of 7.0 cm, patients incurred a 
32% and 43% risk, respectively, of dissection or rupture 
[10-12]. Accordingly, we recommended prophylactic sur-
gical intervention before those hinge points: at 5.5 cm for 
aneurysms of the ascending aorta, and 6.5 cm for the de-
scending aorta. These data and analysis formed the basis 
of the 2010 US and 2014 European thoracic aortic disease 
management “Guidelines” [13,14].

Of course, conclusions drawn can only be as accu-
rate as the underlying data, for which we have expended 
forethought and effort.

Measurement standardization. What began as a 
one-page clinical patient visit datasheet, thanks to the vi-
sion and drive of the inimitable Ms. Maryann Tranquilli, 
the nursing backbone of the Aortic Institute since its in-
ception, has morphed into the large, computerized data-
base described above. On occasion, despite the advanced 
computerization, we return to the original datasheets for 
special tidbits of information that Ms. Tranquilli entered 
for which there is no computer column, or for our hand-
drawn surgical diagrams. The original datasheets fill doz-
ens of “old school” three-ring binders.

Because of the vagaries of aortic measurement, [15] 
we have remeasured and reanalyzed all radiographic im-
ages in every one of the database patients – totaling over 

10,000 thoracic aortic measurements—keeping in mind 
all the various important nuances associated with aortic 
measurement outlined by our team [15,16].

Continued database follow-up for clinical out-
comes. We continue to complete careful clinical and 
survival follow-up and precise cause of death determi-
nation for each patient, following our comprehensive 
six-pronged approach, entailing clinical office visits and 
notes; phone calls with patients and families; referring 
physician follow-up; electronic medical record and chart 
review; online database mortality inquiry; online obit-
uary search; and retrieval and analysis of State-issued 
death certificates [17]. This has enabled us to evaluate 
both thoracic aorta-specific mortality and all-cause mor-
tality endpoints. To make clinical sense of this granular 
data and extend findings to directly improve aortic dis-
ease patient care paradigms, we have developed and em-
ployed advanced statistical methods and risk prediction 
models under Dr. Rizzo’s guidance, such as the instru-
mental variables exponential model for aneurysm growth 
rate estimation and lifetime aneurysm complication risk 
estimations [3].

SPECIFIC FINDINGS AND INSIGHTS 
ENABLED BY OUR CONVENTIONAL “BIG 
DATA” EFFORTS

The remainder of this paper will build on our YJBM 
2008 article [9] and focus on specific novel insights into 
the Playbook of TAA—spanning natural history, latest 
intervention criteria, genetics, and early diagnosis of as-
ymptomatic aneurysm-bearing individuals in the general 
population.

Left-shift in threshold for surgical intervention. 
By accruing detailed clinical, survival, and radiologic 
information on each of the patients in the database – spe-
cifically regarding (1) the increase in the size of the aneu-
rysmal aorta over time, and (2) the precise aortic dimen-
sions at which occur the lethal complications - dissection 
(internal splitting of the aortic layers) and rupture – our 
team has been able to refine the aforementioned surgical 
thresholds, articulating even more robust evidence-based 
intervention criteria for preemptive surgical repair of 
the ascending aorta. Specifically, our most recent data 
indicated a hinge point about a half centimeter “earlier” 
than our original 5.5 cm. Accordingly, we recommend-
ed a “left-shift” to intervention as soon as 5 cm [18,19]. 
This recommendation has indeed been implemented in 
the most recent US 2022 Guidelines for thoracic aortic 
disease management [20]. Implementation in the 2023 
European Guidelines is pending.

Body size and height corrections for aortic pre-
diction. In 2006, our group proposed indexing aortic size 
to body surface area, in order to refine size criteria for 
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unique natural histories, and that a given level of dilata-
tion is more “malignant” in the root than in the ascending 
portion [25].

Does bicuspid aortopathy require earlier surgical 
intervention? A bicuspid aortic valve is the most com-
mon congenital disorder afflicting the human heart, first 
chronicled by Leonardo da Vinci over half a millennium 
ago [26,27]. Bicuspid aortic valve patients are strongly 
predisposed to developing ascending aneurysms, and aor-
tic dissections [28-30].

For quite some time it was believed that bicuspid 
aortic valve associated aneurysms were a virulent entity, 
similar to Marfan aortas, with 2010 US guidelines recom-
mending surgical intervention at aortic diameters as low 
as 4.0/4.5 cm [13].

We recently examined and compared the long-term 
natural behavior of nearly 600 bicuspid ascending aortic 
aneurysms, and 2,000 trileaflet aortic valve associated as-
cending aortic aneurysms [31]. We found “hinge points” 
for both bicuspid aortic valve and trileaflet aortic valve 
patients at the 5.0 cm mark, but hazard rates for bicuspid 
patients were actually lower, contrary to prior thought 
(Figure 2). Ten-year adverse event-free survival was 
significantly better for bicuspid patients. Thus, bicuspid 
aortic valve emerged not only not harmful but actually 
“protective” against adverse aortic events, compared to 
trileaflet valve patients.

These findings argue against earlier intervention in 
bicuspid aortic valve patients. Our recommendation, in 
line with that of the latest societal guidelines, is to con-
sider surgical intervention at 5.0 cm in both bicuspid and 
trileaflet valve patients, at high-volume expert aortic cen-
ters [20,32].

Natural history of descending thoracic aortic 
aneurysm. Thus far, our discussion has focused on the 
ascending aorta. It is important to understand that TAA 
is actually two different diseases separated at the liga-
mentum arteriosum, in line with different embryological 
origins [33]. The descending aorta beyond the ligamen-
tum is derived from the mesoderm whereas the ascending 
aorta is derived from the neural crest (Figure 3a) [34]. 
Above (proximal) to the ligamentum, the aorta is thin, 
but not atherosclerotic. Ascending aneurysms are gener-
ally not calcified and do not contain thrombus. Below the 
ligamentum, as with abdominal aortic aneurysms, heavy 
arteriosclerosis, irregular contours, a high thrombus bur-
den, and calcification predominate.

Therefore, we undertook separate studies to investi-
gate the natural history of descending thoracic and tho-
racoabdominal aortic aneurysms. We analyzed aortic di-
ameters, growth rates, and long-term complications (ie, 
descending aortic rupture, acute descending (Type B) 
aortic dissection, and death) of almost 1,000 descending/
thoracoabdominal patients from our database, yielding 

surgical intervention for very small or very large individ-
uals [21]. Of course, logic dictates that one cannot use 
the same size criteria for all patients, because body size 
varies. Indeed, for example, one cannot apply the same 
aortic intervention criteria for Shaquille O’Neal as for 
Simone Biles. Although we generally consider 4.0 cm 
the upper limit of normal size for the ascending aorta, an 
aortic size of 4.5 cm in a very large individual likely lies 
at the patient-specific upper limit of normal. The same 
dimension, however, may lie in the danger zone for a tiny 
individual. We initially used Body Surface Area (BSA) as 
our morphometric basis, producing tables of acceptable 
aortic size based on BSA. BSA is based on both height 
and weight. Later, however, we wondered how the aorta 
would “know” if a patient had gained weight—or why it 
would care.

With those considerations in mind, we concentrated 
on height alone for estimation of clinical risk at various 
aortic dimensions. Height, largely genetically predeter-
mined, we thought, might correlate better with aortic size. 
To address this, we introduced and validated the “aortic 
height index,” or AHI [                           ].  We found 
AHI an accurate predictor of adverse events in ascending 
aneurysm patients—more accurate, in fact, than indices 
such as BSA which factor in patient weight [22]. Armed 
simply with patient aortic size and height, clinicians can 
accurately derive the risks of aortic rupture, dissection, 
and death utilizing our ensuing nomogram (Figure 1). 
The effectiveness of this criterion has been highlighted 
by Demertzis and Grego, from Switzerland, who found 
that retrospective application of this predictive tool 
would have theoretically protected a full 91% of their pa-
tients from aortic dissection [23]. Furthermore, the 2022 
US Aortic Disease Management Guidelines now recom-
mends indexing aortic size to patient height [20].

Aortic root dilatation more dangerous than 
mid-ascending aortic dilatation. Prior studies and cur-
rent guidelines consider the entire ascending thoracic aor-
ta—from the aortic annulus to the take-off of the left sub-
clavian artery—as one “unit.” Thus, recommendations 
for operative repair have not taken into account whether 
a patient has aortic root dilation (ie, aneurysm of the very 
proximal clover-leaf portion of the aorta, composed of 
the three sinuses of Valsalva) or, rather, an aneurysm con-
fined to the more cylindrical, supracoronary mid-ascend-
ing aorta.

Our team was often asked which of these two pat-
terns of dilation is more dangerous—a very valid ques-
tion given the anatomic, physiologic, and embryologic 
differences between the two segments: the aortic root is 
derived from the secondary heart field, a lateral plate me-
soderm derivative, while the ascending aorta and arch are 
neural crest derived [24].

We found that these two segments do indeed have 
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Figure 1. Risk of complications (aortic dissection, rupture, and death) in patients with ascending aortic 
aneurysm as a function of aortic diameter (horizontal axis) and height (vertical axis), with the aortic height 
index given within the figure. Light green indicates low risk; yellow, moderate risk; orange, high risk; red, severe 
risk. Reproduced with permission from: Zafar MA, Li Y, Rizzo JA, Charilaou P, Saeyeldin A, Velasquez CA, et al. 
Height alone, rather than body surface area, suffices for risk estimation in ascending aortic aneurysm. J Thorac 
Cardiovasc Surg. 2018;155(5):1938-50. Epub 2018/02/06. doi: 10.1016/j.jtevs.2017.10.140. PMID: 29395211

Figure 2. Regression curves with restricted cubic spline analysis depicting the relationship between aortic size 
as a continuous variable and adverse aortic events, stratified by aortic valve morphology. (a) all-cause death 
adverse aortic events (rupture, dissection, and all-cause death) (blue line = trileaflet aortic valve, purple line = bicuspid 
aortic valve), (b) ascending aorta specific adverse aortic events (rupture, dissection, and ascending aortic death), and 
(c) “zoomed-in” view of 2b. The 95% confidence interval is depicted via shading. Reproduced with permission from: 
Zafar MA, Wu J, Vinholo TF, Li Y, Papanikolaou D, Ellauzi H, et al. Bicuspid Aortopathy does NOT Require Earlier 
Surgical Intervention. J Thorac Cardiovasc Surg. 2023. Epub 20230421. doi: 10.1016/j.jtevs.2023.04.017. PMID: 
37088130.
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Figure 3a. (Left) Note that thoracic aneurysm disease 
divides naturally into two patterns, separated at the 
ligamentum. Above the ligamentum, the aorta is thin, 
but not atherosclerotic; below the ligamentum, as with 
abdominal aortic aneurysms, heavy arteriosclerosis and 
calcification predominate. Figure illustration by Rob Flewell. 
PA = pulmonary artery. (Right) The correspondence 
of the two atherosclerotic patterns of the aorta with the 
embryologic origins: ascending from the neural crest and 
descending/abdominal from the mesoderm. Reproduced 
with permission from: Elefteriades JA, Farkas EA. 
Thoracic aortic aneurysm clinically pertinent controversies 
and uncertainties. J Am Coll Cardiol. 2010;55(9):841-
57. doi: 10.1016/j.jacc.2009.08.084. PubMed PMID: 
20185035 and Maleszewski JJ. Inflammatory ascending 
aortic disease: perspectives from pathology. J Thorac 
Cardiovasc Surg. 2015;149(2 Suppl):S176-83. Epub 
20140801. doi: 10.1016/j.jtcvs.2014.07.046. PubMed 
PMID: 25199476. 3b. By putting the findings of this study 
in context with other segments of the aorta, we note the 
following: The ascending aorta dissects above 5 cm but 
rarely ruptures without dissection. The abdominal aorta 
ruptures above 5 cm but rarely dissects. The descending 
thoracic and thoracoabdominal aorta is a mélange and 
dissects at small diameters below 5 cm but does not 
rupture until 5 cm or more. Reproduced with permission 
from: Zafar MA, Chen JF, Wu J, Li Y, Papanikolaou 
D, Abdelbaky M, et al. Natural history of descending 
thoracic and thoracoabdominal aortic aneurysms. J 
Thorac Cardiovasc Surg. 2021;161(2):498-511 e1. Epub 
2020/01/27. doi: 10.1016/j.jtcvs.2019.10.125. PubMed 
PMID: 31982126.
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Figure 4a. Ascending aortic length is measured as distance (blue) from the aortic annulus (red) to the origin 
of innominate artery (red). Reproduced with permission from: Wu J, Zafar MA, Li Y, Saeyeldin A, Huang Y, Zhao 
R, et al. Ascending Aortic Length and Risk of Aortic Adverse Events: The Neglected Dimension. J Am Coll Cardiol. 
2019;74(15):1883-94. Epub 2019/09/19. doi: 10.1016/j.jacc.2019.07.078. PubMed PMID: 31526537. 4b. Aortic size 
changes resulting from aortic dissection. (i) Aortic diameter increases sharply after aortic dissection. (ii) Ascending 
aortic length along the central line is relatively stable to aortic dissection. AD, aortic dissection; AAL, ascending aortic 
length. Reproduced with permission from: Wu J, Zafar MA, Li Y, Saeyeldin A, Huang Y, Zhao R, et al. Ascending 
Aortic Length and Risk of Aortic Adverse Events: The Neglected Dimension. J Am Coll Cardiol. 2019;74(15):1883-
94. Epub 2019/09/19. doi: 10.1016/j.jacc.2019.07.078. PubMed PMID: 31526537. 4c. (Left) Prediction plot as a 
function of diameter height index (x-axis) and length height index (y-axis), with the yearly risk of adverse aortic events 
presented on the z-axis. (Right) Aortic height index (AHI) nomogram as a function of aortic size (diameter + length) 
(x-axis) and height (y-axis), with the AHI given within cells. The table has a four-tier, color-coded warning system, with 
red representing the most severe, followed by orange, yellow, and green. AAEs = aortic adverse events. Reproduced 
with permission from: Wu J, Zafar MA, Li Y, Saeyeldin A, Huang Y, Zhao R, et al. Ascending Aortic Length and Risk 
of Aortic Adverse Events: The Neglected Dimension. J Am Coll Cardiol. 2019;74(15):1883-94. Epub 2019/09/19. doi: 
10.1016/j.jacc.2019.07.078. PubMed PMID: 31526537.
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Ascending aortic length—the neglected dimen-
sion. In our natural history studies, we have now pro-
gressed to include another morphological parameter, 
ascending aortic length, and its correlate, aortic tortu-
osity. Specifically, we have recently identified that as-
cending aortic length is a potent predictor of adverse 
aortic events, ie, rupture, dissection, and death [39]. As a 
three-dimensional organ, the aorta manifests both diam-
eter and length. As the aorta elongates, it of necessity be-
comes more tortuous or C-shaped so as to remain within 
the confines of the chest cavity.

We defined and measured ascending aortic length as 
the distance along the centerline from the aortic annulus 
to the base of the innominate artery (Figure 4a). Our anal-
ysis identified two aortic length “hinge points”—at 11.5 
cm and 12.5 cm—at which the risk of adverse events in-
creased sharply. Thus, an ascending aortic length thresh-
old of 11.0 cm may serve as an additional intervention 
criterion for elective ascending aortic aneurysm repair—
above and beyond the afore discussed aortic diameter.

We also discovered that, unlike diameter, aortic 
length is relatively immune to dissection-induced chang-
es. We found that, while diameter increased by 18% due 
to acute dissection (about 8 mm), the length only in-
creased by less than 3%, further underlining the value of 
aortic length for risk prediction (Figure 4b).

Based on data from this study, we are able to pro-
vide a three-dimensional yearly risk estimation plot that 
factors in both diameter and length, and a length-based 
updated nomogram to aid with clinical decision-making 
(Figure 4c).

Is there a silver lining to thoracic aortic aneurysm 
disease? Seen above, thoracic aortic aneurysm threatens 
life severely, especially if not recognized. However, there 
is a silver lining. Over the course of decades, operating 
on thousands of ascending aneurysm patients, we noticed 
in the operating room (when exposing the femoral artery 
for cannulation) that the arteries of these patients were 
almost always soft, flexible, and devoid of atherosclerotic 
calcifications. The femoral arteries were almost always 
pristine, as seen in adolescents. We noticed that the as-
cending aorta also appeared non-atherosclerotic, noncal-
cified, and smooth in contour (Figure 3). We surmised 
that these patients, it appeared, were somehow protected 
from atherosclerosis. We therefore initiated a series of 
clinical investigations to assess this observation.

We analyzed total body calcium score, a late man-
ifestation of atherosclerosis, in our ascending aneurysm 
patients, compared to controls. We found that in Type 
A dissection patients and patients with aortic root aneu-
rysms, the calcium score was significantly lower than in 
control patients, independent of all other atherosclerosis 
risk factors [40].

We then studied the carotid intima media thickness 

several important and novel insights [35]. We found that 
the median descending aortic size at acute Type B dis-
section was 4.1 cm, and 6.6 cm at rupture. It was quite 
surprising to see that acute Type B dissections were oc-
curring at such small sizes. In fact, 80% of acute Type 
B dissections occurred at descending aortic diameters 
below 5.0 cm, most commonly between 3.5-4.0 cm. On 
the other hand, we found that 93% of acute descending 
ruptures occurred above a size of 5.0 cm.

What this means is that for the descending thoracic 
and thoracoabdominal aorta, we cannot predict descend-
ing dissection based on size. Thus, we cannot currently 
define surgical intervention criteria based on size that can 
protect from Type B dissection [36]. Luckily, Type B dis-
sections are not typically lethal. What we can predict by 
size is rupture. Rupture is very rare before 5.0 cm and 
becomes common after 6.0 cm. Thus, preemptive surgery 
at 5.0-5.5 cm can protect from the fatal complications of 
descending aortic rupture and consequent death.

Putting the present data in context with our afore-
mentioned studies of the ascending aorta, and known data 
pertaining to the abdominal aorta, we are able to com-
plete the aortic natural history puzzle by pinpointing very 
different behaviors among three segments of the entire 
aorta (Figure 3b):

•	 The ascending aorta dissects above 5.0 cm but 
rarely ruptures without dissection.

•	 Rupture following Type A dissection can occur, 
but pure spontaneous rupture of the ascending 
aorta, without antecedent dissection, is exceed-
ingly uncommon.

•	 The abdominal aorta ruptures above 5.0 cm but 
rarely dissects: in a meta-analysis we performed, 
we found that the prevalence of isolated abdom-
inal aortic dissection was a mere 1.7% among 
cases of aortic dissection overall [37].

•	 So, generally, the ascending aorta does not rup-
ture, and the abdominal aorta does not dissect.

•	 The descending thoracic and thoracoabdominal 
aorta on the other hand is a “mélange” of the two 
segments and dissects at small diameters (often 
below 5.0 cm) but does not generally rupture un-
til 6.0 cm or more.

Sex differences. We have also studied sex differ-
ences in the behavior of descending thoracic and thora-
coabdominal aortic aneurysms. Female patients present-
ed with more advanced disease and at an older age [38]. 
Female patients also exhibited more aggressive disease; 
indeed, they were more than twice as likely to suffer a 
complication (dissection, rupture, or aortic death) and ex-
hibited significantly faster descending aneurysm growth 
rates. Accommodation of body size differences between 
male and female patients by height indexing is recom-
mended to address this differential outlook.



Zafar et al.: Clinical discoveries at the Aortic Institute 435

Figure 5a. AUROC for each classifier using test data. Colored lines represent the performance of the ML classifier, 
and gray lines represent the performance using maximal descending aortic diameter alone as a predictor. The black 
dashed line represents the performance of a random classifier. All ML classifiers outperformed maximum descending 
aortic diameter alone as a metric to predict outcomes in patients with descending thoracic aortic aneurysms. ML, 
Machine learning; AUROC, area under the receiver operator curve. Reproduced with permission from: Ostberg NP, 
Zafar MA, Mukherjee SK, Ziganshin BA, Elefteriades JA. A machine learning approach for predicting complications in 
descending and thoracoabdominal aortic aneurysms. J Thorac Cardiovasc Surg. 2022. Epub 20220111. doi: 10.1016/j.
jtcvs.2021.12.045. PubMed PMID: 35120761. 5b. Feature importance of each input variable for Bayesian Additive 
Regression Trees (BART) models at 5 years. Error bars represent ± standard deviation. Aortic diameter metrics 
remained among the most important features. This suggests the model is consistent with current clinical guidelines in 
that diameter is heavily weighted in the classification process. Features associated with atherosclerotic processes, such 
as myocardial infarction, hypertension, and gender, were also highly weighted, consistent with current understanding 
of pathology in the descending aorta as a heavily atherosclerotic phenomenon. COPD, Chronic obstructive pulmonary 
disease. Reproduced with permission from: Ostberg NP, Zafar MA, Mukherjee SK, Ziganshin BA, Elefteriades JA. 
A machine learning approach for predicting complications in descending and thoracoabdominal aortic aneurysms. J 
Thorac Cardiovasc Surg. 2022. Epub 20220111. doi: 10.1016/j.jtcvs.2021.12.045. PubMed PMID: 35120761. 5c. Time 
dependent area under the receiver operator curves (AUROC) comparing machine learning (ML) models to ascending 
aortic diameter. The ML models outperformed aortic diameter across all time-points and endpoints when measured on 
the test set. Shaded regions represent 95% confidence intervals. The red-dashed line represents a random classifier 
with an AUROC of 0.5. 5d. Computerized, interactive AI/ML-based calculator for determination of rupture/dissection risk 
of a specific aneurysm in a specific patient.
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Figure 6. Hierarchical clustering of 61 whole blood samples analyzed by Applied Biosystem Expression Arrays 
using the 1,199 differentially expressed genes determined by SAM analysis. The level of expression of each gene 
in each sample, relative to the mean level of expression of that gene across all the samples, is represented using a red-
black-green color scale as shown in the key (green: below mean; black: equal to mean; red: above mean). A. Scaled 
down representation of the entire cluster of the 1,199 signature genes and 61 whole blood samples. B. Experimental 
dendrogram displaying the clustering of the samples into two main branches: the TAA branch (red) and the control 
branch (blue) with a few exceptions. C. Gene expression pattern of representative genes within biological pathways 
that are statistically significantly over-represented (random overlapping p-value, 0.05) by the up-regulated (red bars) or 
the down-regulated (blue bars) signature genes of TAA. Reprinted with permission from: Yulei Wang Y, Barbacioru CC, 
Shiffman D, Balasubramanian S, Iakoubova O, Tranquilli M, Albornoz G, Blake J, Mehmet NN, Ngadimo D, Poulter K, 
Chan F, Samaha R, Elefteriades JA. PLoS One. 2007;10:e1050.doi:10.1371/journal.pone.0001050.g001.
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We have described the potential applications of machine 
learning in the field of cardiothoracic surgery [5] and ap-
plied machine learning models to our database in order to 
refine our risk prediction capabilities.

Although aortic diameter is a powerful and well val-
idated morphological predictor of adverse events in the 
thoracic aorta, it is by no means perfect: a substantial 
number of dissections occur below the 5.0 and 5.5 cm 
intervention thresholds [36]. Therefore, drawing on the 
wealth of information from our database, we developed 
machine learning based prediction models that factor in 
multiple patient characteristics above and beyond diame-
ter to compute adverse aortic event risk. We can concep-
tualize these machine learning models as a “black box” 
that will take in various patient-specific input variables 
and will output the fine-tuned probability of an associat-
ed outcome like dissection, rupture, or a composite end-
point. Clinicians can then use this information to guide 
surgical decision making and patient counselling.

Our first study was based on over 1,000 descending 
thoracic and thoracoabdominal aortic aneurysm patients, 
encompassing 44 variables to predict three outcomes 
(dissection, dissection or rupture, and dissection, rupture, 
or death) within 1, 2, or 5 years [6]. Thus, a total of nine 
endpoints were constructed. Six different machine learn-
ing classifiers (generalized additive model, random for-
est, K nearest neighbor classifier, support vector machine, 
neural network, and Bayesian Additive Regression Trees 
(BART)) were employed, and a 70/30 train/test split was 
carried out. Each model’s performance was evaluated via 
area under the receiver operator curve (AUROC). A total 
of 54 separate models were trained on the training set, 
using six different models across the three different end 
points at three different timepoints. An AUROC was cal-
culated for each model using the testing set.

Overall, the BART model performed best across 
the modeling tasks, but the other models also emerged 
as the best performing classifier on at least one outcome. 
All machine learning models outperformed descending 
aortic diameter (Figure 5a) and height/body surface area 
indexed diameter across all end points. A feature impor-
tance analysis of each input variable revealed that aortic 
diameter remained the most important feature, but other 
features such as sex, hypertension, patient weight, and 
myocardial infarction were also heavily weighted (Figure 
5b). Thus, the additive benefit of factoring in these var-
ious clinical characteristics likely improved the machine 
learning model performance, as depicted in the AUROC 
analysis in Figure 5a.

The machine learning models consistently outper-
form traditional statistical methods based on diameter 
alone (Figure 5c) and diameter-based indices in predict-
ing adverse events in the ascending aorta.

The automated calculator generated by this machine 

(IMT), an early manifestation of atherosclerosis. We dis-
covered that our ascending aneurysm patients had a sig-
nificantly lower carotid IMT than control patients, inde-
pendent of risk factors for atherosclerosis [41].

We then compared the prevalence of coronary artery 
disease and myocardial infarction in ascending aneurysm 
patients and controls, observing vanishingly low myocar-
dial infarction rates and a significantly lower prevalence 
of coronary artery disease in the ascending aortic aneu-
rysm group [42].

Finally, we compared low density lipoprotein levels 
in our ascending aneurysm patients to a normal popula-
tion via a propensity score matched case-control study 
[43]. We found that low density lipoprotein levels were 
inversely correlated with the presence of ascending an-
eurysm, congruent with our previous three observations 
of protection from atherosclerosis in ascending aneurysm 
patients.

Therefore, it appears that the mutations that cause 
the aneurysm, while pro-aneurysmal, are also anti-ath-
erogenic.

SPECIFIC FINDINGS AND INSIGHTS 
ENABLED BY OUR MODERN “BIG DATA” 
EFFORTS

This section presents our Yale Aortic Institute ef-
forts that use Machine Learning/Artificial Intelligence 
for scientific investigations in aortic disease. Some of 
our findings in this realm have been published, some are 
currently submitted but not yet published, and others are 
in progress and “future pointing” regarding our research 
efforts.

Such analyses were not feasible even by the ad-
vanced conventional statistics employed earlier in our 
experience.

The Big Data machine learning/artifical intelligence 
approaches have the great advantage for our work of 
being able to detect any type of relationship between 
variables—not just linear or exponential, or the like. Of 
course, the corresponding drawback is the loss of under-
standing of “what is actually happening” to cause the 
newly demonstrated relationship.

Machine learning models for thoracic aortic an-
eurysm risk prediction: outperforming traditional 
criteria. Artificial intelligence and machine learning use 
in the medical field has burgeoned over the last decade, 
resulting in fascinating applications, from predicting hos-
pital mortality using raw electronic health record data, 
to diagnosing diabetic retinopathy from retinal images 
[44,45]. The ability of machine learning to recognize 
complex patterns and interactions and to make connec-
tions and inferences beyond human perception can aug-
ment physician capabilities and improve patient care. 
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versity, we have analyzed mountains of genetic data at 
our disposal (~45,000,000 letters of genetic data per pa-
tient) to continue the hunt for novel thoracic aortic aneu-
rysm and dissection genes. These efforts, not yet report-
ed, are bearing fruit.

Phenotypic genetic characterization by Artificial 
Intelligence. In collaboration with scientists at Emerge 
(SA), we have been able to make highly accurate genet-
ic diagnoses by evaluation of facial features by Artificial 
Intelligence. These remarkable findings have just been 
submitted as a primary scientific study by our team.

Panel of RNAs “detects” thoracic aortic aneu-
rysm. To be able to determine which individuals in the 
general population harbor or are susceptible to TAA 
would represent a tremendous advance in aortic care. In 
2007, together with Dr. Olga Iakoubova of Celera Diag-
nostics (Celera had just mapped the human genome in 
2009); we assessed serum levels of 33,0000 RNAs. We 
isolated a panel of 41 RNAs that could determine with 
a high degree of accuracy whether a given patient har-
bored a TAA. This analysis was done via complex (but 
traditional) Significance Analysis of Microarray (SAM) 
(Figure 6).

Before proceeding to clinical application, we are cur-
rently seeking to replicate the significance of the prior 
findings in a large, independent group of patients. The 
current analysis is being done via machine learning/arti-
ficial intelligence techniques within our Yale University 
network.

CONCLUSIONS

The “Big Data” that became available to our Aortic 
Institute team via compulsive collection of clinical infor-
mation from a vigorous aortic care enterprise has enabled 
many important findings in the natural behavior of tho-
racic aortic aneurysm. This data included in-depth clini-
cal parameters as well as copious genetic sequencing in-
formation. Multiple direct clinical correlates, principles, 
and guidelines have resulted from precise statistical and 
AI-based interpretation of this data. These have enhanced 
clinical care substantially. This experience illustrates viv-
idly the progress that can be made when clinicians amass 
“Big Data” repositories and then collaborate with data 
scientists in their interpretation.
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