1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Am Coll Cardiol. Author manuscript; available in PMC 2023 May 31.

Published in final edited form as:
JAm Coll Cardiol. 2022 May 31; 79(21): 2069-2081. doi:10.1016/j.jacc.2022.03.367.

-, HHS Public Access
«

Cardiovascular Outcomes in Aortopathy: GenTAC Registry of
Genetically Triggered Aortic Aneurysms and Related Conditions

Kathryn W. Holmes, MD, MPH?2,

Sheila Markwardt, MPHP,

Kim A. Eagle, MDC,

Richard B. Devereux, MDY,

Jonathan W. Weinsaft, MDY,

Federico M. Asch, MD€,

Scott A. LeMaire, MD',

Cheryl L. Maslen, PhD9,

Howard K. Song, MDY,

Dianna M. Milewicz, MD, PhDh,

Siddharth K. Prakash, MD, PhDN,

Dongchuan Guo, PhD",

Shaine A. Morris, MD, MPH/,

Reed E. Pyeritz, MD, PhDJ,

Rita C. Milewski, MDX,

William J. Ravekes, MD!,

H C Dietz, MD!,

Ralph V. Shohet, MD™,

Michael Silberbach, MD?2,

Mary J. Roman, MDY,

GenTAC Investigators
aDepartment of Pediatrics, Oregon Health & Science University, Portland, OR

bSchool of Public Healthy, Oregon Health and Science University
¢Division of Cardiology, University of Michigan Health System, Ann Arbor, Ml
dDivision of Cardiology, Weill Cornell Medicine, New York, NY

eMedStar Cardiovascular Research Network, Washington, DC

Address for correspondence: Kathryn W. Holmes, MD, MPH, Oregon Health and Science University 707 SW Gaines St., CDRC-P
Portland, OR 97239, Ph: 503 494 4305, holmesk@ohsu.edu, Twitter: @OHSUNews.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures: Dr. LeMaire serves as a consultant for Terumo Aortic and Cerus, and serves as a principal investigator for clinical studies
sponsored by Terumo Aortic and CytoSorbents. There are no disclosures for other authors.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holmes et al. Page 2

fDivision of Cardiothoracic Surgery, Baylor College of Medicine, and Department of
Cardiovascular Surgery, Texas Heart Institute, Houston, TX

9Knight Cardiovascular Institute, Oregon Health & Science University, Portland, OR

hDepartment of Internal Medicine, McGovern Medical School, University of Texas Health Science
Center, Houston, TX

iDivision of Pediatric Cardiology, Department of Pediatrics, Baylor College of Medicine, Houston,
TX

iDepartment of Medicine, Perelman School of Medicine at the University of Pennsylvania,
Philadelphia, PA

KDivision of Cardiothoracic Surgery, Yale School of Medicine
IDepartment of Pediatrics, Johns Hopkins University School of Medicine, Baltimore, MD

MDepartment of Medicine, John A. Burns School of Medicine, Honolulu, HI

Abstract
Background: GenTAC Registry enrolled patients with genetic aortopathies between 2007-2016.

Objective: To compare age distribution and probability of elective surgery for proximal
aortic aneurysm, any dissection surgery and cardiovascular mortality (CVM) among aortopathy
etiologies.

Methods: Retrospective/Prospective design. Participants with bicuspid aortic valve with
aneurysm (BAV, n=879), Marfan syndrome (MFS, n=861), non-syndromic Heritable Thoracic
Aortic Disease (nsHTAD, n=378), Turner Syndrome (TS, n=298), Vascular Ehlers-Danlos
syndrome (VEDS, n=149) and Loeys-Dietz syndrome (LDS, n=121) were analyzed.

Results: The 25% probability of elective proximal aortic aneurysm surgery was 30 years for
LDS (95% ClI: 18-37), followed by MFS (34 years, 95% CI: 32-36), nsHTAD (52 years, 95% ClI:
48-56), and BAV (55 years, 95% CI: 53-58). Any dissection surgery 25% probability was highest
in LDS (38 years, 95% CI: 33-53) followed by MFS (51 years, 95% CI: 46-57) and nsHTAD (54
years, 95% CI: 51-61). BAV experienced the largest relative frequency of elective surgery to any
dissection surgery (254/33=7.7), compared to MFS (273/112=2.4), LDS (35/16=2.2), or nsSHTAD
(82/76=1.1). With MFS as the reference population, risk of any dissection surgery or CVM, was
lowest in BAV patients (HR 0.13, 95% CI: 0.08-0.18; HR 0.13, 95%: Cl 0.06-0.27). The greatest
risk of mortality was seen in patients with VEDS.

Conclusions: Marfan and LDS cohorts demonstrate age and event profiles congruent with
current understanding of syndromic aortopathies. BAV events weigh towards elective replacement
with relatively few dissection surgeries. Non-syndromic HTAD patients experience near equal
probability of dissection versus prophylactic surgery, possibly due to failure of early diagnosis.

Condensed Abstract:

The GenTAC Registry enrolled patients with genetic aortopathies over a period of 8 years. The
current study’s objective is to compare probability and age distribution of elective surgery for
proximal aortic aneurysm, emergent surgery for dissection, and cardiovascular death. Marfan
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and LDS cohorts demonstrate age and event profiles congruent with current understanding

of syndromic aortopathies. In contrast, BAV events weigh towards elective replacement. Non-
syndromic HTAD is the least likely to undergo elective replacement. Genetic diagnosis with
expanded aortopathy panels in the current era is crucial for management of these heritable
diseases.

Keywords

aortic dissection; aortic aneurysm. Non-Syndromic Heritable Aortic Disease; Marfan; Loeys-
Dietz; Bicuspid aortic valve; Turners; Vascular Ehlers-Danlos

INTRODUCTION

The GenTAC (Genetically Triggered Thoracic Aortic Aneurysm and Cardiovascular
Conditions) Registry enrolled cohorts of patients with aortopathies due to multiple diagnoses
over 8 years with the goal of evaluating cardiovascular and surgical outcomes(1,2). The
purpose of the study design was to examine and compare diagnostic cohorts within a single
repository of longitudinal data using biospecimen, imaging, and genetic data. Previous
GenTAC studies have described the variability in surgical patterns and patterns of new
dissections(3,4). In this study, we examine cardiovascular events between and within the
largest diagnostic cohorts: Marfan Syndrome (MFS), Bicuspid aortic valve (BAV), Loeys-
Dietz Syndrome (LDS), Turner syndrome (TS), Vascular Ehlers-Danlos (VEDS), and Non-
syndromic Heritable Thoracic Aortic Disease (nsHTAD). We sought to determine the risk
related to diagnosis, age of events, and timing of events based on age at diagnosis.

METHODS

Study population:

The rationale and design of the GenTAC Registry have been previously described(1). In
brief, GenTAC was established as a longitudinal observational cohort study of individuals
with heritable thoracic aortic aneurysms. Enrollment was initiated in 2007 with 6 clinical
centers, with two additional centers added in 2011(2). Follow-up closed in 2016 at the
conclusion of the study. While there were 11 diagnostic categories, the main diagnoses
included: MFS, BAV, nsHTAD, VEDS, TS (XO or mosaic), and LDS (TGFBR1 or
TGFBR2). Over 3700 participants were enrolled; each enrollment was reviewed for
accuracy and confirmed by a study investigator.

Patients with Marfan syndrome were evaluated either by genetic testing or revised Ghent
criteria (those entered prior to 2010 were re-evaluated and categorized accordingly). Non-
syndromic HTAD required a first-degree family member with a proximal aortic dissection
and absence significant syndromic features based on careful physical examination. A
GenTAC Co-PI reviewed all enroliment diagnoses. Standardized data collection included
clinical information related to physical phenotypic features, imaging studies, cardiovascular
complications, genetic testing results, and surgical/endovascular interventions. Institutional
Review Board approval was obtained for this study at each of the 8 participating GenTAC

JAm Coll Cardiol. Author manuscript; available in PMC 2023 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holmes et al.

Page 4

clinical centers. Individual informed consent was obtained from each GenTAC Registry
patient. We included the following diagnostic groups with a total of 2,686 participants: BAV
(n=879), MFS (n = 861), nsHTAD (n = 378), TS (n = 298), VEDS (n = 149) and LDS (n =
121).

Data Collection and demographics:

Data were collected from patient interviews and chart reviews at the primary center entered
into the GenTAC database (RTI international) for coding and extracted for analysis in
August of 2016. Demographic information included diagnosis, age at diagnosis, biological
sex, race, and ethnicity. History of prior aortic interventions and dissection were extracted
from medical charts while new dissections, surgical interventions, and death were identified
during follow-up. Patients who withdrew from the study had data included up until their
withdrawal date.

Genetic Testing:

Genetic testing forms were available for those who had documentation. This testing included
commercial CLIA-approved labs and samples evaluated as a research protocol. At the

time of the study (2007-2016), aortopathy gene panels were not available, and systematic
genotyping was not performed due to funding limitations. As a result, some patients were
tested as part of a research study, others were limited by insurance co-pay or in some cases,
the patient may have refused testing. Turner syndrome, VEDS, nsHTAD, and Loey’s-Dietz
syndrome all required confirmation by a GenTAC co-investigator. Patients with Marfan
syndrome were evaluated either by genetic diagnosis or revised Ghent criteria (those entered
prior to 2010 were re-evaluated and categorized accordingly).

Cardiovascular Endpoints:

Proximal aortic aneurysm surgeries included valve-sparing and valve-replacement
procedures. While most surgeries were confined to the aortic root, surgeries could extend
into the aortic arch. Isolated aortic valve replacements were excluded. Aortic surgeries were
classified as either elective proximal aortic aneurysm surgery, emergent proximal dissection
surgery, or any aortic dissection surgery. Date of surgery for dissection was used as a
surrogate endpoint for the date of aortic dissection due to ambiguities in the enroliment
forms noted on review. Location and extent of the dissections were categorized based on
the DeBakey Classification(5,6). Dissections managed without surgery were not included
in surgical dissection analysis but were included in analysis related to CVM. In order

to compare the percent elective ascending aortic replacements versus surgery for aortic
dissection, we calculated an elective surgery to dissection surgery ratio for each diagnosis.
Deaths were categorized as CVM or non-CVM related and reviewed for accuracy. Surgical
outcomes for 30 mortality and surgical complications were reviewed.

Statistical Approach:

Descriptive methods were used to characterize the study population, dissection
classifications, and the distribution of cardiovascular endpoints; mean and standard deviation
for continuous variables as well as frequency and percentages for categorical variables
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were calculated. To test for differences across diagnoses, we used ANOVA for continuous
variables and chi-square tests for categorical variables. For illustrative purposes only, we
calculated the relative frequency of elective proximal aortic aneurysm surgery to emergent
proximal dissection surgery, and of elective proximal aortic aneurysm surgery any aortic
dissection surgery for each diagnosis. Graphical methods were used to compare the age at
which each cardiovascular outcome occurred across diagnoses. Preliminary evaluation of
the time to each cardiovascular outcome included the creation of Kaplan-Meier plots using
raw data. Median surgery-free time could not be calculated for most diagnoses, as less than
half of most groups experienced a surgical event. Similarly, less than half of all diagnoses
experienced a CVM, limiting our ability to calculate median survival time. As we aimed

to describe when these events were occurred across diagnoses, we estimated the age at
which risk was 25% for elective aortic aneurysm surgery and any aortic dissection surgery,
and 5% for emergent proximal dissection surgery and CVM. In addition, we estimated the
incidence of cardiovascular outcomes within the GenTAC registry using Poisson regression.
To further assess the difference in risk of each cardiovascular surgery outcome, we created
a Cox-proportional hazard (PH) model with MFS as the reference diagnosis group, gender
as a co-variate, and chronical age as the timescale. Differences according to diagnosis in
time to CVM-related mortality were modeled using a Fine-Gray model for competing risk
of non-CVM related mortality. For all time-to-event models, assumptions were assessed,
and no violations were identified. Time from age at diagnosis to age at each cardiovascular
outcome was calculated. Descriptive statistics were used to assess these differences across
diagnoses; t-tests or Mann-Whitney U tests were used to assess potential differences in this
time span according to diagnosis. All analyses were performed in Stata/SE version 15.1.

Characteristics of the study cohort and cardiovascular endpoints:

Table 1 demonstrates the characteristics of the selected GenTAC diagnostic cohorts. Overall
mean age at study entry was 36.9 years (SD 19.6 y). Distribution of sex was specific to
each cohort diagnosis, with MFS, LDS, and VEDS more evenly distributed compared to
nearly complete female assignment for TS. BAV and nsHTAD were predominantly male.
Highlighted in Table 2 are the total and individual cardiovascular endpoints for each cohort.
Elective proximal aortic aneurysm surgery (aortic root and/or ascending aorta) occurred
either prior to or after study entry in 24.2 % of the total cohort, with the highest prevalence
of elective aortic replacement occurring in MFS (31.7%) followed by BAV (28.9%). There
were no reported elective aortic replacement operations in the VEDS cohort. Surgery for
any aortic dissection was most common in the nsHTAD cohort (20.1%) compared to
Marfan (13.0%) and LDS (13.2%). BAV experienced the largest relative frequency of
elective proximal aortic surgeries for aneurysm to emergent proximal dissection surgeries
(254/31=8.2), compared to MFS (273/54=5.1), LDS (35/11=3.2), or nsHTAD (82/51=1.6).
When compared to any type of dissection surgery, BAV experienced the largest relative
frequency of elective aortic surgeries to any aortic dissection surgeries (254/33=7.7),
compared to MFS (273/112=2.4), LDS (35/16=2.2), or nsHTAD (82/76=1.1). In contrast
CVM did not correspond to surgical frequency, where CVM was highest for VEDS (4.0%)
followed by MFS (3.1%), nsHTAD (2.4%), LDS (1.7%), BAV (1.1%) and TS (0.7%).

JAm Coll Cardiol. Author manuscript; available in PMC 2023 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holmes et al. Page 6

Frequency and distribution of cardiovascular events across the lifespan:

We were interested in understanding the pattern of events by age and by diagnosis. The
Central Illustration displays 6 panels of superimposed age distributions by diagnosis for the
described endpoints: elective proximal aortic surgery, any surgery for aortic dissection, and
cardiovascular mortality. Each diagnosis panel demonstrates a distinct distribution pattern.
For MFS (top left), the histogram demonstrates elective proximal aortic aneurysm surgery
occurred at a relatively high frequency early to mid-life compared to surgery for dissection
or CVM, which occurred in mid to later life at relatively lower frequencies. For LDS

(lower middle), elective proximal aortic aneurysm surgeries generally occurred at a much
younger age than dissection surgeries. BAV (lower left) demonstrates a high frequency

of elective proximal aortic aneurysm surgeries at all ages compared to any surgery for
dissection. CVM in the BAV population occurred only at age 55 or older. Non-syndromic
HTAD (upper middle) demonstrated the most heterogeneous age distributions where elective
surgery for dissection and dissection surgery occurred across the age spectrum with the
greatest frequencies for both types of surgeries during middle age. Histograms for TS (upper
right) and VEDS (lower right) were challenging secondary to the small number of events;
however, in both cases, CVM occurred at a relatively young age (40 years and under). As is
often the case in VEDS, CVM occurs without precipitating surgical intervention.

Event free probability of cardiovascular endpoints:

Kaplan-Meier (KM) plots in Figure 1 display the event-free probability for proximal aortic
aneurysm surgery (panel A), any aortic dissection surgery (panel B), emergent proximal
dissection surgery (panel C), and CVM (panel D). In all panels, the risk of each event varied
widely across diagnoses, and for some diagnoses, less than half of patients experienced an
event. For this reason, we compare the age at which the risk of each surgical event was 25%,
and the risk of CVM was 5%. Panel A displays that the probability of an elective proximal
aortic aneurysm surgery was 25% for LDS at 30 years (95% confidence interval [CI]: 18—
37), followed by MFS at 34 years (95% CI: 32-36), nsHTAD at 52 years (95% CI: 48-56),
and BAV at 55 years (95% CI: 53-58). Elective Aortic replacement was rare in TS, and there
were no patients with VEDS who underwent elective aortic repair. Panel B demonstrates that
the risk of any aortic dissection surgery was highest in LDS (25% probability at 38 years,
95% CI: 33-53) followed by MFS (51 years, 95% CI: 46-57) and HTAD (54 years, 95%
Cl: 51-61). Any aortic dissection surgery in BAV was quite low, with an approximate 10%
probability of dissection surgery at 80 years. Panel C displays the probability of emergent
proximal dissection surgery was 5% at 31 years for LDS (95% CI: 15-36), 33 years for
MFS (95% CI: 29-38), 35 years for nsSHTAD (95% Cl: 27-37), 45 years at TS (95% CI:
42-NA), and 59 years for BAV (95% CI: 53-NA). Shown in panel D, the risk of CVM was
less than the risk of each surgical event. CVM occurred at older ages for nsHTAD and BAV
patients (age of first case>45 years) compared to all other diagnosis groups (age of first case,
range=19-28). The risk of CVM was 5% at 42 years for VEDS (95% CI: 24-NA), 53 years
for MFS (95% CI: 50-57), 66 years for nsHTAD (95% CI: 53-79), and 75 years for BAV
(95% ClI: 67-80).
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Incidence of cardiovascular outcomes:

The incidence of cardiovascular outcomes (Table 3) mirrors the Kaplan-Meyer plots. Per
10,000 patient-years, the incidence of any aortic dissection surgery is highest in LDS with
54.2 per 10,000 person-years (95% CI: 33.2-88.4), next in nsHTAD with 46.3 per 10,000
person-years (95% CI: 36.9-58.0), followed by MFS at 39.2 per 10,000 person-years (95%
Cl: 32.6 —-47.2). Incidence of cardiovascular death was highest in VEDS at 11.9 per 10,000
person-years (95% Cl: 5.3-26.6), followed by MFS at 9.2 per 10,000 person-years (95% Cl:
6.2-13.3).

Risk of cardiovascular events by diagnosis and biological sex:

To understand the risk of adverse outcome events by diagnosis and sex, we generated a
series of Cox proportional hazard models, using MFS as the reference population (Table 3).
Compared to MFS, the risk of EPAS was substantially less in TS (Hazard Ratio [HR] 0.11,
95% ClI: 0.05-0.23), BAV (HR 0.36, 95% CI: 0.30-0.43) and nsHTAD (HR 0.33, 95% CI:
0.25-0.42) and higher in the LDS cohort (HR 1.58, 95% CI: 1.07-2.34). Similar findings
were demonstrated for any aortic dissection surgery and emergent proximal dissection
surgery where VEDS and BAV were less likely to undergo dissection surgery compared

to MFS, and LDS demonstrated a significantly higher HR (Table 3). No risk difference was
seen in nsSHTAD compared to MFS. We created a Fine and Gray competing risk model to
examine the risk of CVM by diagnosis and sex. BAV and nsHTAD were at significantly
lower risk for CVM compared to MFS. TS was also at lower risk, while vEDS and LDS
were at higher risk, although none of these HRs reached statistical significance. Among

all diagnoses, the female sex had a lower HR for elective surgery (HR 0.73, 95% CI: 0.61-
0.88) and CVM (HR 0.49, 95% CI: 0.25-0.94). Supplemental Table 1 demonstrates surgical
outcomes for elective and emergent procedures. In general, mortality for elective aortic
replacement is very low; mortality from elective aortic aneurysm surgery was documented
only in Marfan syndrome (n=2). Morbidity for elective aortic replacement for aneurysm was
also low, with an overall 0.6% documenting a myocardial infarction and 1.2% stroke. The
most common complication was prolonged intubation at 4.7%.

Age at diagnosis relative to age at cardiovascular event:

Cohorts with well-described phenotypic features (MFS, TS, LDS) were diagnosed at a
younger age than those with BAV or nsHTAD, likely due to lack of syndromic features
(table 5). Patients with TS were youngest at diagnosis (mean 6.1y, SD 7.7 y), while those
with BAV were the oldest (mean 37.0 y, SD 21.0 y). MFS and TS had the longest mean

time in years prior to elective surgery or surgery for dissection (range 13-19 y for MFS

and 21-30 y for TS). In contrast, BAV and nsHTAD had a much shorter time span between
diagnosis and any aortic surgery event (1-6 y for both BAV and nsHTAD). In addition, the
range of diagnosis to dissection for BAV was 0—4 years and nsHTAD 0-1 years. Age to
event for Turner and VEDS were rare and difficult to demonstrate a trend. Of note, data for
LDS is challenging to interpret as a number of patients, who were previously diagnosed with
MFS, were reclassified by genetic testing. For patients with LDS, we compared patients with
TGFBR1 to TGFBR2 and found no differences in age at cardiovascular events (table 6).
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Genetic test results in nsHTAD:

Of the 378 patients with nsHTAD, 107 underwent limited genetic testing with 6 pathogenic
variants identified. Of these 6 pathogenic variants, 5 patients experienced aortic events.
Three patients with ACTAZor TGFBRI pathogenic variants were found to have undergone
emergent surgery for aortic dissection. Two additional patients underwent elective proximal
aortic surgery with subsequent testing revealing one with SMADS3 and the other 7TGFBRZ2
pathogenic variants. One patient tested positive with a pathogenic MHY11. The MHY11
patient demonstrated aortic aneurysm with family history of dissection and experienced
neither aortic dissection nor aortic replacement surgery during the time of the study.

DISCUSSION

The GenTAC Registry enabled comparisons between diagnosis cohorts predisposed to aortic
aneurysm and dissection. While some cohorts, such as MFS, are extensively characterized,
GenTAC has proved to be a rich source of clinical data for how diagnostic cohorts are
affected by pregnancy, aortic dissection, surgery for aneurysms and imaging (3,7-10), as
well as a resource for genetic discovery (11-14).

Acute aortic dissections cause substantial morbidity and mortality. In conditions such as
MFS, early diagnosis and appropriate elective aortic root replacement has increased life
expectancy (15), and the GenTAC data confirms this modified natural history. In addition,
GenTAC results, along with other data, suggest that patients with LDS have a more severe
disorder, with elective aortic replacement (generally recommended at a lower threshold) and
dissection surgery at an earlier age and size (16). LDS patients characterized by a pathogenic
variant in 7TGFBR1 or TGFBRZ, the Montalcino Aortic Consortium found that the relative
risk of dissection is associated with female biological sex, aortic size, and LDS systemic
features (17). These genetic predispositions are critical when deciding the timing of surgical
intervention. It is interesting to note that 18.8% of GenTAC patients with LDS underwent
surgery for dissection prior to their diagnosis (data not shown) as some patients with LDS
had an initial clinical diagnosis of MFS that subsequently was modified by increased genetic
testing over the course of the study.

Cardiovascular outcome and surgical management of BAV is distinct from other cohorts
within this study. Historically, patients with BAV were reported to have an increased risk of
ascending aortic dissection compared to patients with trileaflet aortic valves (18). However,
multiple population studies have suggested increased morbidity but close to normal life
expectancy (19). The GenTAC cohort of BAV patients demonstrates a greater relative
frequency of elective aortic replacement to dissection aortic replacement compared to MFS,
LDS, or nsHTAD. While many of these elective replacements may be at the same time

as an aortic valve replacement, Nissen et al. (20) demonstrated in the combined BAV
Consortium (BAVCon) and GenTAC registries that more than one-third of patients with

a bicuspid aortic valve undergo ascending aortic replacement at diameters less than 45

mm. While the diameter of 45 may currently be considered small, the 2010 ACC/AHA
guidelines (in effect during latter part of GenTAC enrollment and all of the follow-up
period) recommended elective aortic replacement surgery at relatively smaller diameters
(4.0-5.0 cm) for patients with VEDS, TS and BAV(21). Given the low incidence of the BAV
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cohort undergoing surgery for dissection (3.8% compared to Marfan at 9% in GenTAC),

a pressing question is whether the elective ascending aortic replacement is too aggressive
for the BAV population or if these replacements, even at a smaller dimension, are a sign

of a long-term successful preventive strategy for acute ascending aortic dissection (22).
Conversely, Melvinsdottir et al. demonstrated that in a detailed population of Iceland,
patients with BAV were twice as likely to present to the hospital with dissection over their
known connective tissue counterparts(23), suggesting that subsets of patients with BAV are
at higher risk. Current guidelines more specific to BAV and aortopathy have increased the
size cut-off for surgery, but it is too early to assess the effect of this change(24). In addition,
the ratio in our registry of 7.7 elective surgeries to dissection surgeries may appear to point
to aggressive management; however, the low morbidity of the elective replacement and the
lack of dissection events may demonstrate that this strategy has proven effective in reducing
overall mortality in the BAV population.

In GenTAC, patients with nsSHTAD have a shorter time interval between diagnosis and
proximal aortic events, and these events occur at all ages (Central Figure). While those

with unknown diagnoses in the GenTAC cohort did not undergo systematic genetic testing,
we discovered that subsequent clinical or research genetic testing demonstrated pathogenic
variants in six nsHTAD patients, including ACTAZ and MYH11, TGFBR1, TGFBR?2,

and SMAD23. In non-syndromic heritable thoracic aortic disease, there have been exciting
recent discoveries related to familial genes associated with non-syndromic aneurysm

and dissection(25) (26), including 7TGFBRI1 and TGFBR227). With further confirmatory
research, these genes can be added to aortopathy panels (if not already added), which will
assist in identifying at-risk family members. These genetic panels are particularly important
as this heterogeneous group, along with BAV, generally do not have an obvious physical
phenotype unless associated with a specific syndrome for BAV such as TS or LDS. If the
remaining nsHTAD are tested with the larger 40 gene panels available today, more of these
patients might have undergone elective proximal aortic aneurysn surgery rather than surgery
for an acute ascending dissection.

Specific trends were more difficult to detect in the smaller cohorts in the GenTAC registry,
i.e., VEDS and TS. Patients with TS were generally diagnosed early in life and had overall
few cardiovascular events related to aortic dissection. Those with VEDS had the highest
frequency of CVM; however, aortic dissection was rare, and replacement was not reported.
Details regarding specific cardiovascular events were somewhat limited in GenTAC, and the
remarkably low 2.1% CVM mortality is likely related to survivor bias in the registry as

well as relatively short follow-up time. The GenTAC cohort is subject to referral bias, and
findings may not reflect surgical management in a non-tertiary care center. It is important
to note that although the investigators and NHLBI made attempts to enroll patients of
various ethnic and racial backgrounds a priority, the registry reflects the demographic of

the referral institutions. We assume significant under-reporting of non-white racial groups.
Other limitations include the retrospective and prospective nature of the GenTAC dataset,
which can pose a problem related to exact dates of dissection as well as change in clinical
management. In particular, dissection rates may be influenced by whether the individual
was the proband or identified by cascade screening, with the latter category presumably less
likely to dissect given identification of the underlying diagnosis followed by appropriate
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medical management, surveillance imaging, timely surgical intervention, and a clinically
less evident disorder.

Conclusions:

The objective of the current GenTAC study is to compare frequency and age distribution
of elective proximal aortic aneurysm surgery, emergent aortic dissection surgery, and
cardiovascular death. Marfan and LDS, while maintaining a significant disease burden,
demonstrate profiles congruent with current surgical recommendations, whereas aortic
replacement in BAV remains controversial. In addition, heterogeneity of dissection surgery
versus elective replacement in nsHTAD suggests risk alleles awaiting additional discovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspectives
Competency in Patient Care and Procedural Skills:

Genetic screening for familial aortopathy may lead to reclassification of variants of
unknown significance as pathogenic, especially in families with mild phenotypes.

Translational Outlook:

Additional research is needed to identify patients with genetically triggered aortopathy at
risk of dissection at relatively small aortic diameters to refine recommendations on the
timing of surgical intervention.
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Figure 1. Event-free probability for aortic events among diagnosis group

Kaplan-Meier plots display the probability and time to cardiovascular events, since birth,
for the GenTAC cohort; each color represents a separate diagnosis. Panel A demonstrates

the probability of an elective proximal aortic aneurysm surgery. Panel B demonstrates

probability of any aortic dissection surgery. Panel C displays the probability of emergent
proximal dissection surgery and panel D demonstrates probability of CVM. Marfan and
LDS cohorts demonstrate age and event probabilities congruent with current understanding
of syndromic aortopathies. BAV events weigh towards elective replacement with relatively
few dissection surgeries. CVM is greatest in VEDS cohort.
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Central Illustration. Distribution of Cardiovascular Events by Age in the GenTAC Registry
Each panel displays histograms for each cardiovascular endpoint by diagnosis: 1)

elective proximal aortic aneurysm surgery (pink), 2) any aortic dissection surgery

(green), and 3) cardiovascular mortality (blue). Blended colors represent more than one
endpoint with identical frequency at a given age. MFS (top left), LDS (bottom middle)
demonstrate event patterns consistent with current understanding of these diseases. BAV
(lower left), demonstrates high frequency of elective proximal aortic aneurysm surgery
relative to dissection surgery. Non-syndromic HTAD (upper middle) demonstrates marked
heterogeneity among endpoints with considerable overlap. Vascular EDS presents with
sudden CVM at a young age.
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