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I. General Information
The Montalcino Aortic Consortium (MAC) will provide the infrastructure to assemble large cohorts of patients with heritable thoracic aortic disease (H-TAD) with causal mutations in the known H-TAD genes and better define the natural and clinical history and phenotypic features associated with mutations of these genes as well as examine genetic and environmental modifiers and other biomarkers of H-TAD. Recruitment of large numbers of patients from multiple sites world-wide will improve the precision of data used to predict disease risks. The consortium will also identify novel genes for H-TAD through sharing sequencing data from these patients and recruitment of H-TAD patients without a known gene. The data from MAC will provide the critical clinical information for precise management of aortic and other cardiovascular complications, with the goal of improving the outcome of patients with genetically triggered, lethal vascular diseases.

II. Background Information

The major diseases affecting the thoracic aorta are aortic aneurysms and acute aortic dissections (TAAD). The natural history of ascending thoracic aortic aneurysms (TAA) is to asymptomatically enlarge over time until a tear in the intimal layer leads to an ascending aortic dissection (termed Stanford type A dissections). With dissection, blood penetrates into the aortic wall and separates the aortic layers, causing aortic rupture and other complications. Type A aortic dissections cause sudden death in up to 40% of individuals, and survivors of the acute event have a 1% per hour death rate until they undergo emergent surgical repair. Less deadly aortic dissections originate in the descending thoracic aorta just distal to the branching of the left subclavian artery, called Stanford type B dissections, which are also part of the TAAD disease spectrum. Although medical treatments can slow the enlargement of an aneurysm, the mainstay of treatment to prevent premature deaths due to dissections is surgical repair when the aortic diameter reaches 5.0 to 5.5 cm. However, studies on patients presenting with acute type A aortic dissections indicate that up to 60% occur in patients with aneurysms smaller than
5.5 cm in diameter 1. Thus, other factors besides aortic size can trigger acute aortic dissections, and investigations of these factors are needed to more precisely predict the risk of acute aortic dissections in these patients. We and others have established that mutations in specific genes can identify patients at risk for the disease and predict the risk of early dissection at diameters less than 5.0 cm. This information can be used to optimize the timing of aortic surgery to prevent deadly dissections.
Hypertension is a major risk factor for TAAD and is present in up to 75% of patients who present with an acute aortic dissection. In addition, bicuspid aortic valve (BAV), which is present in 1 – 2% of the population, confers a 25% lifetime risk of ascending aortic aneurysm and 1% risk of acute aortic dissection. But it has been known for almost 60 years that a single gene mutation can predispose individuals with Marfan syndrome to TAAD (MFS) 2. More recently, mutations of other genes have been identified that cause other forms of heritable TAAD (H-TAD), including patients with additional features that overlap with MFS and patients with no syndromic features who report a family history of TAAD (familial TAAD or FTAAD) 3, 4.
MFS is an autosomal dominant syndrome with a high risk of TAAD as well as pleiotropic manifestations affecting the skeletal, ocular and integumentary systems5. MFS is caused by mutations of the FBN1 gene, which encodes fibrillin-1, a component of elastin-associated microfibrils6. Loeys-Dietz syndrome (LDS) is characterized by TAAD and skeletal features of MFS, as well as additional features like arterial tortuosity and aneurysms, craniofacial and skin

abnormalities7, 8. LDS results from mutations in either the transforming growth factor-β receptor type I or II genes (encoded by TGFBR1 or TGFBR2, respectively). More recently, heterozygous mutations of SMAD3, TGFB2, and TGFB3 genes were identified in families with clinical features of the MFS and LDS as well as patients with non-syndromic FTAAD 9-12.
Up to 20% of TAAD patients without a clinical diagnosis of MFS or LDS have similarly affected first degree relatives, indicating a significant genetic contribution to the disease. Analysis of FTAAD pedigrees showed TAAD is primarily inherited as an autosomal dominant condition with reduced penetrance and variable expression 13, 14. Mutations of nine genes have been identified to date in patients with FTAAD10, 11, 15-20. Mutations of FBN1, TGFBR1, TGFBR2, SMAD3, and TGFB2 are responsible for approximately 6-8% of FTAAD, suggesting a similar pathogenesis for aneurysm formation between syndromic and nonsyndromic FTAAD and variable clinical phenotype associated with these genes 10, 11, 18, 19, 21. Mutations of ACTA2, MYH11, MYLK, PRKG1, MAT2A, and MFAP5 cause FTAAD in the absence of MFS or LDS features. Of these genes, ACTA2 is the most commonly altered gene causing FTAAD, responsible for 12-21% of the disease. The other genes each contribute to less than 3% of the disease. Currently it is estimated that a causative gene can be identified in approximately 25% of the families with H-TAD.
The distinct clinical phenotype and disease risk associated with each gene provide the first evidence that the underlying gene mutation, in conjunction with clinical features, should dictate the management of patients, including the timing of surgical repair of TAA and screening for additional vascular disease. For example, MFS patients with FBN1 mutations have a low risk for acute dissections at aortic root diameters less than 5.5 cm and for aneurysms of other arteries 22, 23. In contrast, accumulating data indicate that patients with TGFBR2 mutations experience aortic dissections with little to no enlargement of the aortic root and can have aneurysms and dissections of other arteries 8, 18. These findings have led to the recommendation in the ACC/AHA Treatment Guidelines for Thoracic Aortic Disease that the underlying genetic mutation dictate the timing of surgical repair of the aorta, and the current recommendation for patients with TGFBR2 as well as TGFBR1 mutations is elective repair of the aortic root at 4.2 cm and imaging from head to pelvis to detect other aortic and arterial aneurysms 24. In contrast, many European countries are less aggressive and continue to treat LDS patients with TGFBR1 and TGFBR2 mutations on a case by case approach, taking into account the patient’s clinical features, family history and underlying mutation when determining the appropriate timing of aortic surgery. No premature dissections were observed in patients with FBN1, TGFBR1, or TGFBR2 mutations who were clinically managed and underwent surgical repair at aortic diameter of 5.0 cm 25.
It has been shown that, in addition to thoracic aortic disease, ACTA2 mutations also predispose to occlusive disease of small and medium-sized arteries, including early onset coronary artery disease (CAD) and stroke, Moyamoya disease (MMD), and primary pulmonary hypertension 26,
27. Distinct associations have emerged between recurrent mutations and specific vascular diseases. For example, ACTA2 R149C and R118Q mutations are associated with an increased risk of early onset CAD in patients with minimal cardiovascular risk factors. In contrast, mutations of R258 are associated with early onset stroke, including MMD, which is a rare stroke syndrome characterized by bilateral stenosis or occlusion of the supraclinoid internal carotid arteries and formation of an abnormal vascular network of collateral arteries in the basal ganglia. The most robust correlation between genotype and phenotype occurs with the recurrent, de novo mutation of R179, identified in at least 30 children world-wide and associated with severe presentation characterized by early onset and fully penetrant vascular disease including PDA, TAAD, and MMD27-29. These patients also form fusiform aneurysms of the

carotid artery proximal to the MMD occlusive lesions. Additional phenotypic features associated with this mutation involve a global smooth muscle cell (SMC) contractile failure, including fixed dilated pupils, hypoperistalsis of the gut, and hypotonic bladder, now termed Multisystemic Smooth Muscle Dysfunction Syndrome.
In summary, the current data indicate that the underlying gene mutated in individuals with H-TAD, both syndromic and FTAAD, not only aids in identifying at risk family members, but also determines the following (1) the aortic disease presentation, including risk for early dissection at small aortic diameters; (2) the risk for other cardiovascular diseases, such as intracranial and other arterial aneurysms and occlusive vascular disease; and (3) associated syndromic features and complications. Thus, every gene predisposing to TAAD needs to be treated as a distinct disorder to optimize clinical outcomes through gene-specific management.
Although management of TAAD is well established for patients with MFS, many aspects of vascular disease management remain unclear for H-TAD due to other genes. Many critical questions about the natural and clinical history of these conditions and optimal medical management remain unanswered. The current management of patients with a known predisposition to TAAD includes aortic surveillance by echocardiographic or radiographic imaging, drug treatment using beta-blockers or other drugs such as angiotensin receptor blockers, avoidance of isometric exercises, and elective surgical repair of the aorta to reduce the risk of acute dissections. Often, medical decisions regarding the frequency of aortic surveillance, necessity of additional vascular imaging, and timing of surgical repair are based on few reports involving small numbers of patients, who were ascertained at aortic dissection.
Studies that examine the clinical course of genetically-triggered aortic diseases and effective prevention strategies are lacking, yet are necessary for precise risk counseling and medical management.
At the same time, environmental and genetic factors that modify the risk of TAAD have not been completely understood. For example, PRKG1 is a recently identified gene, and the limited clinical data indicate that individuals with a PRKG1 mutation present either at a young age with aortic dissection, with deaths as young as 17 years of age, or at an older age with stable aortic root aneurysm20. This presentation pattern is the opposite of what is expected with aortic disease progression. The factors leading to early dissections in a subset of mutation carriers need to be identified to prevent premature deaths due to dissections.
The Montalcino Aortic Consortium (MAC) will provide the infrastructure to assemble large cohorts of patients with H-TAD with and without mutations in known H-TAD genes, define the phenotype associated with these genes, determine genetic and environmental modifiers and other biomarkers of H-TAD, as well as rapidly and efficiently identify novel genes. Recruitment of large numbers of patients world-wide will improve the precision of data used to predict disease risks. Retrospective and prospective study designs will be used to fully characterize the different stages of H-TAD (i.e. susceptibility, pre- symptomatic, and symptomatic) and other complications associated with the H-TAD genes, and examine clinical and environmental factors that define risk of aortic dissections. The data from MAC will provide the critical clinical information for precise management of thoracic aortic disease and other complications caused by mutations of these genes and improve the medical management and outcome of patients with genetically triggered, lethal vascular diseases.
III. Objectives

The following are the aims to achieve the goals of the MAC:
Aim 1. Establish a cohort of patients with mutations in H-TAD genes through MAC sites worldwide. Collect and bank phenotypic data for cross sectional and longitudinal studies.
Aim 2. Characterize the vascular disease and other complications in patients with mutations in TGF-β pathway genes (TGFBR1, TGFBR2, SMAD3, TGFB2 and TGFB3), SMC contractile genes (ACTA2, MYH11, MYLK, and PRKG1), other genes for H-TAD (COL3A1, MAT2A, MFAP5, LOX, and FOXE3), and additional genes identified in the future.
Aim 3. Pursue longitudinal studies to define disease outcomes associated with H-TAD gene mutations.
Aim 4. Establish a research application process to allow investigators worldwide to investigate research hypotheses using the data and samples available through the MAC.

IV. Study Organization
The administrative structure for MAC consists of the Steering Committee, the Houston and Paris Administrative Center Oversight Committees, and the collaborating sites in the United States, Canada, Europe, Asia and Australia (Appendix A). Appendix B shows the current list of MAC sites and the investigators at these sites. Additional sites to recruit patients may be added to MAC if the Executive Committee determines that the clinician or investigator at the site can rigorously and accurately evaluate H-TAD patients.
V. Study Design

Retrospective and prospective study designs will be used to fully characterize the different stages of the natural and clinical history of disease associated with mutations of the H-TAD genes and examine clinical and environmental factors that define risk of aortic dissections. Data will be collected by chart review at the time of study entry and prospectively over the course of 20 years at 2-year intervals or when a vascular event (defined as surgical repair, dissection, rupture, or death due to a vascular event) occurs.

The main outcomes to be investigated include aortic dissection, aortic aneurysm requiring repair, death due to aortic dissection/rupture or postoperative complications, aortic dilation, rate of aortic growth, other arterial dissection, aneurysm, or occlusion, congenital heart defect, and other cardiovascular complications. To fully characterize the clinical phenotype of mutations of the H-TAD genes, other physical features as examined by a clinical geneticist will be collected. The main exposure is gene mutation. Co-variables or potential modifiers of risk will also be collected, including age, sex, race, geographic location, family history of dissections or sudden death, and other factors (i.e. hypertension, pregnancy, drug treatment, cardiovascular risk factors).

VI. Study Population

MAC sites worldwide will recruit and characterize eligible individuals who meet the following criteria:

Inclusion criteria:
1) Patients and their relatives with a confirmed pathogenic, likely pathogenic variant, or variant of unknown clinical significance in at least one of the H-TAD genes (i.e. TGFBR1, TGFBR2, SMAD3, TGFB2, TGFB3, ACTA2, MYH11, MYLK, PRKG1, MAT2A, MFAP5, LOX, COL3A1, FOXE3, and FBN1).
2) Patients of all ages, sex and race for which informed consent can be obtained.
3) Patients with H-TAD without a known mutation, i.e., individuals with thoracic aortic disease and similarly affected relatives or patients with the onset of disease before the age of 30 years.
4) Affected and unaffected relatives of patients with H-TAD without a known mutation.
Exclusion criteria:
1) None.
Recruitment strategy
The MAC site investigator or authorized personnel will approach eligible patients in their clinical practice or research study and obtain informed consent to participate in MAC (Appendix C).
Information about the MAC study will also be advertised during presentations at professional meetings for physicians (i.e. clinical geneticists, cardiologists, cardiothoracic surgeons) and genetic counselors. DNA diagnostic labs will be approached to provide information about the MAC study to the ordering physician, who may choose to communicate the information to their patients. These patients will be referred to the MAC website (http://www.montalcinoaorticconsortium.org/ ) where they can read information about the MAC, register and provide their contact information if they wish to be contacted about participating in the MAC. In the United States, Canada and Australia, the Houston Administrative Center will have access to information of patients who registered through the website and will contact these patients. Patients will have the choice of traveling to a MAC site or, if English-speaking, enrolling directly at the Houston Administrative Center based in the Department of Internal Medicine at the University of Texas Health Science Center at Houston (UTHealth). In Europe and other countries, the Paris Administrative Center based in the University Paris Diderot will coordinate enrollment of eligible participants. Additionally, specific investigators or groups with data that allow assessment of variants in these genes in cohorts of patients with vascular diseases, such as coronary artery disease, cerebrovascular dissection, stroke, Moyamoya disease, abdominal aortic aneurysms, and peripheral vascular disease, will be approached to identify individuals with variants in the H-TAD genes in their cohorts and refer eligible individuals to the MAC Houston Administrative Center for enrollment. Alternatively, de-identified clinical and genetic data may be transferred to the Houston Administrative Center according to the providing site’s research protocol.

VII. Study Procedures

Aim 1. Establish a cohort of patients with mutations in H-TAD genes through MAC sites worldwide, and collect and bank phenotypic data for cross sectional and longitudinal studies.
Phase I of MAC was piloted with a subset of MAC sites and involved the collection of retrospective data from over 400 individuals with mutations in TGFBR1 and TGFBR2. The data was collected on paper forms and included information about demographics, genetic diagnosis,

family history, aortic event (defined as aortic aneurysm repair or dissection; type and age of aortic event, maximum diameter of affected segment, treatment at time of event), other aortic disease (location, type and age at diagnosis), additional vascular disease (artery involved, type and age at diagnosis), other clinical features (MFS systemic score, LDS features, cardiac defect, cancer), and pregnancy history (number of pregnancies and live births, pregnancy with aortic or vascular complications, cardiology care and treatment during pregnancy). MAC sites who participated in Phase I had already submitted initial IRB approval for MAC activities or had approved protocols in place to collect the data for the initial Phase I study.
For MAC Phase II, data will be abstracted from the medical records (i.e. genetics, cardiology, surgical, echocardiographic and radiographic imaging, or autopsy records) and entered into the REDCap database. The clinical variables have been expanded to collect more details of the aortic and other vascular disease, other cardiovascular and medical complications. Data collected from Phase I (TGFBR1 and TGFBR2 data) will be entered into the REDCap database. In addition, facial images, frontal and side photographs of select patients will be uploaded into the RedCap database to demonstrate unusual phenotypic features. Patient consent for medical photography and use of photographs for research/teaching purposes as well as medical publication will be requested (Appendix C). Echocardiographic, MRI and/or CT images, and additional data (e.g., patient surveys, data on other phenotypic features) may be requested by the Houston or Paris administrative centers for review as needed. Self-reported data (i.e. quality of life, physical activity history) will be collected through survey questionnaires in the future.
The full list of clinical variables to be collected at study enrollment and follow-up is available in Appendix D. Data forms will be created in REDCap based on this list of variables. MAC sites have the option of entering data directly into REDCap or abstracting the data on paper form and then entering the data into REDCap. Prospective data will be collected over the course of 20 years at 2-year intervals or when a vascular event (defined as surgical repair, dissection, rupture, or death due to a vascular event) occurs.
Main Outcomes
1. Primary outcomes
The primary outcomes or endpoints will include: aortic dissection, aortic aneurysm requiring repair, death due to an aortic dissection/rupture or postoperative complications, aortic dilation and rate of aortic growth.
We will rigorously define aortic root dilation as the patient's aorta measured by echocardiography to be 2 Z scores or greater 30, 31. Dilation of other parts of the aorta will be defined as aortic diameter that is more than 2 standard deviation (SD) of the mean based on published normal aortic diameters32-35 or significant enlargement compared to the adjacent area.
Surgically repaired aortic aneurysms must be confirmed by medical records. Dissection of the thoracic aorta confirmed by echocardiography, CT or MRI will be classified as type A or type B by the Stanford criteria. When possible, the type of dissection by the DeBakey criteria will be collected
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to demonstrate the extent of dissection at disease onset and follow up. Death due to aortic dissection must be confirmed by medical records or autopsy. Sudden death or sudden cardiac death due to unknown cause will be recorded as such.
De-identified digital files of vascular images (CT, MRI, and echo) will be reviewed by Drs. Jondeau (Paris), Milewicz, and Prakash (Houston) or other approved MAC investigators to maintain quality-control of the aortic imaging data, including the location and size of the aneurysm and presence or absence of BAV.
Serial aortic measurements will be obtained at the following locations as shown in Figure 1: 1) aortic annulus, 2) Sinus of Valsalva, 3) sinotubular junction, 4) ascending aorta, 5) transverse arch, 6) isthmus, 7) mid-descending thoracic aorta (at level of left pulmonary artery), 8) thoracoabdominal aorta (at level of the diaphragm), 9) suprarenal abdominal aorta (midway between the celiac axis and superior mesenteric artery), 10) pararenal abdominal aorta (midway between the renal arteries), and 11) infrarenal abdominal aorta (midway between renal and iliac arteries). Evidence of aortic dilation (without dissection), dissection, or graft will be recorded at each location.
2. Secondary outcomes
Presence of other cardiovascular complications will also be assessed: 1) other arterial dissection, 2) other arterial dilation or aneurysm requiring repair, 3) other arterial occlusion (i.e.
≥50% stenosis), 4) stroke, 5) myocardial infarction, 6) congenital heart defect (bicuspid aortic valve and type of fusion, patent ductus arteriosus, atrial septal defect, ventricular septal defect, aortic coarctation, other), 7) mitral valve prolapse, 8) mitral valve regurgitation, 9) mitral valve disease requiring repair, 10) cardiomyopathy and type, 11) left ventricular hypertrophy (interventricular septal thickness >10 mm), 12) arrhythmia (requiring a pacemaker), 13) pulmonary artery dilation, 14) pulmonary hypertension.
3. Potential modifiers of risk of aortic dissection (co-variables) will also be collected from hospital or clinical records at the time of aortic event or last follow up without an aortic event. These include demographic characteristics (age, sex, race, country of residence and birth), first- degree relative who had an aortic dissection or died suddenly, hypertension, hyperlipidemia, diabetes, hyperthyroidism or use of thyroid medications, tobacco smoking, use of illicit drugs (e.g. cocaine, crack, amphetamines), use of sildenafil or viagra, pregnancy history (# of pregnancies, # of deliveries), and drug treatment (beta-blocker, angiotensin receptor blocker, ACE inhibitor, calcium channel blocker, VKA, aspirin, coumadin, statin).

4. Other medical complications will also be abstracted from the medical records, including osteoarthritis or other degenerative joint disease, uterine rupture during pregnancy, uterine prolapse, coagulopathy noted during surgery, emphysema, gallstones, cancer (site and type).

5. Other phenotypic features of patients with H-TAD as examined by a clinical geneticist or physician familiar with H-TAD disorders will be abstracted: craniofacial (dolicocephaly, downslanting palpebral fissures, enophthalmos, retrognathia, malar hypoplasia, hypertelorism, bifid or abnormal uvula, high arched palate, cleft palate, craniosynostosis), eye (ectopia lentis, myopia, iris flocculi), skin (thin or transluscent skin, wide or atrophic scars, striae, livedo reticularis), skeletal (arachnodactyly, pectus carinatum, pectus excavatum or chest asymmetry, hindfoot deformity, flat feet, scoliosis, kyphosis, increased arm span to height, reduced upper segment to lower segment, reduced elbow extension), joint laxity, pneumothorax, dural ectasia, protrusio acetabulae.
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Aim 2. Characterize the vascular disease and other complications in patients with mutations in TGF-β pathway genes (TGFBR1, TGFBR2, SMAD3, TGFB2 and TGFB3), SMC contractile genes (ACTA2, MYH11, MYLK, and PRKG1), other genes for H-TAD (COL3A1, MAT2A, MFAP5, LOX, FOXE3, FBN1), and additional genes identified in the future.
We hypothesize that there are differences in the aortic and vascular disease presentation and associated features between mutations that disrupt the TGF-β pathway and SMC contractile genes, as well as among the individual genes, and that these features are distinct from MFS and Ehlers Danlos type IV.
The patient populations with mutations of various genes will be characterized by prevalence of the following primary outcomes: 1) aortic dissection (type A or B), 2) aortic aneurysm repair, 3) death due to dissection or aortic repair, and 4) aortic dilation not requiring repair. Prevalence of other cardiovascular complications, other medical complications and clinical features (craniofacial, eye, joint and musculoskeletal, skin) will also be summarized.
Aortic disease status (with and without an aortic event) will be stratified by potential risk modifiers to determine any significant associations.
Aim 3. Pursue longitudinal studies to define disease outcomes associated with H-TAD gene mutations.
In patients with no aortic disease and patients with aortic aneurysm without dissection or not requiring repair (non-symptomatic group) at study entry, the incidence of primary outcomes, including 1) type A or type B dissection, 2) aortic aneurysm repair, 3) death due dissection, rupture or surgical repair, and 4) rate of aortic growth will be examined. In patients who are symptomatic at study entry (type A or type B dissection, aneurysm repair), the following primary outcomes will be assessed: 1) rate of expansion or degeneration of the proximal and distal aortic segments (after type A or type B dissection), 2) incidence of thoracoabdominal aortic aneurysm repair, 3) incidence of recurrent aortic dissection, aneurysm repair or surgical procedure(s), and 4) risk of death due to dissection, rupture or surgical repair.
Incidence of secondary outcomes will also be assessed including 1) other arterial dissection,
2) other arterial aneurysm requiring repair, 3) other occlusive vascular disease (resulting in MI, stroke, death) and 4) other cardiovascular complications (requiring surgical repair or death).
Potential modifiers of risk at the time of aortic event or last follow up without event will be assessed as in Aim 2.
may be done through National Institutes of Health (NIH)-supported grants and genomic research data submitted to an NIH-designated data repository (e.g. Database of Genotypes and Phenotypes or dbGaP). Therefore, participants will be asked to provide consent to deposit their de-identified or coded genotype, phenotype, exposure, and pedigree data into dbGaP.
Some participants may be asked to provide blood, skin tissue and/or tissue samples collected at the time of surgery for ancillary studies.
To increase the pace of novel gene identification, de-identified genetic data may be shared between MAC sites. Alternatively, novel genes or genetic modifiers may be shared between sites and de-identified data on these genes extracted from local data may be shared with other MAC investigators.
Aim 4. Establish a research application process to allow investigators worldwide to investigate research hypotheses using the data and samples available through the MAC.
A research application process will be established to allow investigators to access the H-TAD data and samples for clinical and translational research projects. Research proposals to use the MAC resource will be reviewed and approved by the MAC Steering Committee. De- identified clinical data and DNA samples and genetic data will be shared with approved investigators. If additional data is needed to complete a study, the Houston Administrative Center and/or the MAC site will re-contact the study participants who have approved such re- contact and collect these data. Note that the IRB approved protocol will be updated when Phase III starts and separate IRB approval will be obtained for new studies or surveys sent directly to MAC study participants.

VIII. Data and Safety Monitoring
The MAC will collect clinical data by chart review and abstraction. As part of the natural course of clinical care, the patients and their physicians will determine the best approach to treatment and the study will record the observed related outcomes. The study will not attempt to interfere with the outcomes through any type of intervention (drug, surgical, behavioral or other intervention); therefore, there are no anticipated adverse events as a result of study participation. An Observational Safety Monitoring Board (OSMB) will be established and include members from North American and Europe.

IX. Statistical analysis
Analyses of the registry data will be primarily descriptive as well as exploratory to assess factors that modify the effect of genetic mutations. Planned enrollment will be 5000 subjects. Interim data analysis will be performed every 1-2 years.

Categorical variables will be summarized by frequency and continuous variables by mean (SD) or median (interquartile range). Data will be examined for appropriate distributional form.
Outliers and influential data points will be examined carefully to ensure their accuracy. Diagnostic measures, such as various residual plots, will be carefully examined for all fitted models to insure proper fit. If any model violations are observed, we will pursue appropriate variable transformations and/or inclusion of polynomial terms for predictors. General linear models will be fitted for continuous/categorical outcomes with a random intercept for family to account for correlation among subjects from same family. Time to event outcomes will be analyzed with Cox regression models. We will rigorously assess the assumption of proportional

hazards in all Cox models and seek alternatives where the assumption is not met. For all models, we will report point estimates of odds ratios, hazard ratios, or mean differences, and 95% confidence intervals.

Rates of aortic and other vascular effects for patients with various mutations in TGF-β pathway genes and SMC contractile genes will be computed. A logistic model will be fitted to aortic disease outcome with a group variable defined by the gene mutation as a covariate adjusting for age, sex, and race and other factors. Aortic events will be analyzed with a Poisson model with gene mutation, age, sex, race and other factors as predictors. Time to aortic event will be analyzed with Cox regression model using gene mutation, age, sex, race and other factors as predictors. A similar Cox model will be used to analyze survival.
A logistic model will be used to test whether aortic diameter predicts the risk of Type A aortic dissection adjusting for gene/mutation group, age, sex and other factors. To investigate whether aortic diameters at time of dissection are different for each gene, we will include an interaction between aortic diameter and gene group in the model. Separate logistic models will be used to estimate rates of early onset stroke, early onset myocardial infarction, arterial occlusion, and arterial aneurysm/dissection. The models will adjust for the type and location of vascular disease, age at onset, and medical and/or surgical treatment.
Separate linear mixed models will be utilized to estimate rate of expansion or degeneration of aortic root, ascending aorta, aortic arch, descending thoracic aorta, and abdominal aorta in patients who had aortic events. Co-variates will include time from first aortic event, type and location of aortic disease, age, sex, gene mutation and other factors. A random intercept will be included to account for within subject correlation due to repeated measurements. A Cox regression model will be used to analyze time to subsequent aortic event with gene mutation, age, sex and other factors. A similar Cox model will be used to estimate survival rates for different gene mutations.
In non-symptomatic patients, the rate of growth of the aortic root, ascending aorta, aortic arch, descending aorta, and abdominal aorta, as well as aortic valve function will be assessed utilizing imaging data obtained longitudinally for each patient. Separate linear mixed models will be used to estimate rate of growth of different segments with predictors of time at follow up, gene mutation, age, sex, race, and a random subject intercept. To investigate whether the rate of growth varies across patients with different gene mutations, we will include an interaction between time and gene mutation. Progression of vascular disease will be analyzed with a logistic model with a random subject effect and using gene mutation, age, sex, and race as predictors.
X. Ethics
Institutional Review and Approval
IRB approval will be sought from the UTHealth CPHS. A subset of MAC sites participating in Phase I have already submitted initial IRB approval for MAC activities or have approved protocols in place to collect the data for the initial Phase I study, and will update their IRB protocols for Phase II. MAC sites participating in Phase I will submit this protocol to seek IRB approval at their site. The MAC sites will be responsible for seeking approval of the MAC protocol and consent documents from their institutional ethics committee.

Unbiased recruitment

H-TAD affects patients of all genders, races and age groups. Children, women and minorities will be included as much as possible in the MAC. When needed, the MAC consent documents will be translated in the local language by the MAC site and approved by their local IRB.

Informed consent process
The MAC site investigator or authorized personnel will obtain informed consent from potential participants (Appendix C). Patients will be able to ask questions at any time. One parent or legal guardian may provide signed consent for a minor child or other person with a physical or mental condition that prevents them from providing informed consent. Child assent will be obtained from children at least 8 years of age, or as determined by the local institutional review board or IRB. A signed HIPAA form (Authorization for Use and Disclosure of Health Information; Appendix C) is also required of all participants and will serve as an authorization for release of medical records allowing the MAC Administrative Centers to request additional medical records directly from the participant’s health care providers if needed. MAC study participants will receive a hard-copy of the consent form to keep. Recruitment will occur throughout the study.

Waiver of consent for use and disclosure of decedent data
Collection of medical data for deceased individuals is necessary to ensure unbiased estimates of study outcomes. Therefore, a waiver of consent for collecting medical data on individuals who have passed away will be obtained. The 45 CFR 164.512(i)(1)(iii) permits use and disclosure of protected health information and research on decedent’s information provided that the use or disclosure of protected health information is being sought solely for research and is necessary for the research.

XI. Data handling and record keeping
Access to identified information and source documents
The MAC sites will have access to identifying information of their patients and, if the patient consents, the identifying data will be shared with one of two centers. North American and Australian study participants can consent for their information to be shared with the Houston Administrative Center. European participants and participants from other countries can consent to have their identifying information shared with the Paris Administrative Center. Each MAC site will maintain original study documents at their site. Scanned copies of the signed informed consent and HIPAA collected by the MAC site will be securely shared with the respective Administrative Centers.
Each individual enrolled in the MAC will be assigned a study ID that will be linked to his/her clinical data in the REDCap and DNA or other samples collected (if any). The link between study ID and identifying information will be known only to the MAC site investigator who enrolled the patient and, if the patient consents, the Houston or Paris Administrative Center.
REDCap database
REDCap is a secure, web-based application for building and managing online surveys and databases. The application and all data is stored in zone 100 servers (secure network zone) located in the UTHealth School of Biomedical Informatics’ data center. To gain access to the system, users must use their UTHealth assigned user ID and password. Each research study is self-contained along with its own data structure; access to the database will be granted by the sponsoring principal investigator or designated research coordinator.
Variant data sharing

Novel genetic variants in known H-TAD genes will be deposited into de-identified genetic databases, such as ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) and the UMD website (http://www.umd.be/).

XII. Quality control and assurance
In order to ensure consistent and standardized procedures and data collection across the MAC sites, the Houston Administrative Center will provide detailed instructions on study procedures, including participant enrollment, management of source documents, data collection, data entry in REDCap, and procedures for DNA or other biospecimen collection and shipping. Training on data collection will include identifying the source of information and defining the values for each of the data variables. Abstracted data will be entered directly into a web-based REDCap database program that will be accessed through a secure website. The Houston (or Paris) Administrative Center will monitor patient enrollment, timeliness of data entry and data quality on an ongoing basis and relay their observations, concerns or questions to the MAC sites.
Additional training will be provided if the MAC site does not meet expected standards. When necessary, the Administrative Centers may request copies of medical records and imaging studies for review; if the patient did not consent to sharing of identified information to the MAC administrative center, de-identified copies of records and images will be obtained from the MAC site.

The Houston (or Paris) Administrative Center will identify any duplicate patient enrollments using the date of birth and gene mutation, verify duplicate enrollments with the MAC sites involved, and compare and resolve any discordant data. A decision will be made as to which individual data to use and the site, who will be responsible for entering follow-up data of these patients.

Activities of the MAC will be directed and monitored by the MAC Steering Committee through regular conference calls, e-mail and in-person meetings.
XIII. Publication Plan Publication of research results
De-identified data will be provided to MAC investigators after approval by the MAC Steering Committee. Results from analysis of MAC data will be published in the scientific literature and presented at national meetings. All publications resulting from MAC data should be approved by the MAC publication committee and acknowledge its members. A publications policy which addresses preparation of abstracts, manuscripts, scientific reports and authorship will be developed by the MAC Steering Committee to ensure submission of high quality manuscripts and appropriate authorship credit.

Return of research results
Research findings from analysis of aggregate data and published in peer-reviewed medical journals or abstracts presented at meetings will be shared through the MAC website that can be accessed by the study participants and their physicians. When individual research results obtained in the course of DNA analysis done as part of the conduct of the registry (i.e. a genetic

mutation that is known to cause a life-threatening illness or complication if not treated) are found, the MAC site investigator will be informed and will discuss the results with his/her patient and pursue confirmation of the results at a certified diagnostic DNA laboratory. There is no plan to report results of DNA or data analysis done by an outside investigator as part of an approved ancillary study (e.g. dbGaP) to the MAC and the results will not be made available to study subjects.
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APPENDIX

A. Administrative structure of the Montalcino Aortic Consortium
B. List of MAC members
C. Informed consent document to participate in MAC and HIPAA
D. Variable categorization table

Update 11/1/2016 – use and disclosure of a limited data set

The research protocol was written such that the MAC Houston Administrative Center will collect and share de-identified data with qualified researchers. We would like to amend the protocol and specify that the MAC Houston Administrative Center may receive and share patient data through a limited data set, provided there is a data use agreement with the covered entity providing the data set or the investigator/institution receiving the data set. By the NIH definition, a limited data set is health information that excludes direct identifiers but that may include elements of date (i.e. exact dates of birth, treatments, procedures, diagnosis), city, state and zip code. A data use agreement establishes the ways in which the information in the limited data set may be used and how it will be protected and that is entered into by the covered entity and intended recipient of the limited data set.


Update 11/29/2018 – new patient survey – Obstructive Sleep Apnea (OSA) questionnaire We plan to survey MAC study participants to evaluate the prevalence of OSA symptoms among patients with heritable thoracic aortic disease. The outcome of this study has important clinical implications since OSA may contribute to aortic dissections. A questionnaire with the following questions will be created in the MAC REDCap project and sent to participants by text messaging, email or mail.
1) Do you snore loudly (louder than talking or loud enough to be heard through closed doors)? (Yes/No)
2) Do you often feel tired, fatigued, or sleepy during daytime? (Yes/No)
3) Has anyone observed you stop breathing during sleep? (Yes/No)
4) Has a doctor told you that you have high blood pressure or hypertension? (Yes/No)
5) Are you currently taking medications for high blood pressure? (Yes/No)

Update 01/10/2019 – new dietary assessment tool
Individuals with the neonatal form of Marfan syndrome have difficulty feeding and poor weight gain. Baseline data regarding food intake is needed in patients with this condition in order to

gain insight and a better understanding of the reason for feeding difficulties and poor weight gain in these patients. We plan to send qualifying participants and/or the parents of qualifying participants (i.e. diagnosis of neonatal Marfan syndrome) a link to complete the ASA24, an automated self-administered 24-hour dietary assessment tool. The tool queries an individual’s food intake within a 24 hour time period. The intake is estimated to take less than 30 minutes for recall of 24-hour food intake. The tool is logic-based and is dependent upon the foods and meals selected so a pdf of the questionnaire is not available. The tool is web-based and asks participants and/or parents (if completing for child) to select all of the foods and quantities consumed within 24 hours. This tool is validated for neonates to adults. An overview of the ASA24 tool for ethics review committees can be found here https://epi.grants.cancer.gov/asa24/resources/asa24_overview_2018.pdf; this includes an overview of the tool and addresses data security.

Update 11/14/2019 – de-identified data use for patients evaluated in clinical setting
The purpose of the MAC registry is to characterize the phenotype of patients who carry genetic variants in genes predisposing to hereditary aortic and vascular disease. We recruit patients into the MAC registry from multiple sources including patients we see in a clinical capacity from UT Physicians and Mermorial Hermann Hospital. However, there are historic patients who no longer follow with us in clinic, but harbor genetic variants in genes of interest. For individuals who are lost to follow-up clinically, we are requesting permission to include de-identified data from the “clinic patients” who harbor genetic variants of interest in the MAC registry. Data will be abstracted from the patient’s clinical chart and entered into MAC’s REDCap database at UTHealth. HIPAA-identifying information will not be entered/shared. A similar waiver has been approved for transfer of de-identified data from patients in enrolled in protocol HSC-MS-01-251 (Update 2/12/2018 –Transfer of de-identified, retrospective clinical data for the Montalcino Aortic Consortium (MAC) research protocol) to the MAC registry.

Update 12/8/2021 – Launch mitral valve sub-study Specific Aims:

1. Assess the reported prevalence (or burden) of MV disease in MAC registry:
· Compare MVP prevalence, presentation and outcomes according to HTAD gene mutation
· Determine the association of MVP with outcomes (aorta/LV/arrhythmia)
· Determine if some individuals present only due to MVP with mild or no aortic dilatation and whether there are other red flags to identify these patients.
· Evaluate the penetrance and variability of MVP in HTAD families: are relatives more likely than the proband to be diagnosed primarily due to MV disease?

2. Assess correlations between MV disease, including MAD, and clinical outcomes (aortic aneurysm and dissection, LV dysfunction, heart failure, arrhythmia) in a separate study that will include remeasurement of echo images.
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