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A genetic predisposition for thoracic aortic aneurysms and

dissections (TAAD) can be inherited in an autosomal dominant

mannerwithdecreasedpenetrance andvariable expression. Four

genes identified to date for familial TAAD account for approxi-

mately 20% of the heritable predisposition. In a cohort of 514

families with two or more members with presumed autosomal

dominant TAAD, 48 (9.3%) families have one or more members

who were at 50% risk to inherit the presumptive gene causing

TAAD had an intracranial vascular event. In these families,

gender is significantly associated with disease presentation

(P< 0.001), with intracranial events being more common in

women (65.4%) while TAAD events occurred more in men

(64.2%,). Twenty-nine of these families had intracranial aneur-

ysms (ICA) that could not be designated as saccular or fusiform

due to incomplete data. TGFBR1, TGFBR2, and ACTA2 muta-

tions were found in 4 families with TAAD and predominantly

fusiform ICAs. In 15 families, of which 14 tested negative for 3

known TAAD genes, 17 family members who were at risk for

inheriting TAAD had saccular ICAs. In 2 families, women who

harbored the genetic mutation causing TAAD had ICAs. In 2

additional families, intracranial, thoracic and abdominal aortic

aneurysms were observed. This study documents the autosomal

dominant inheritance of TAADswith saccular ICAs, a previously

recognized association that has not been adequately character-

ized as heritable. In these families, routine cerebral and aortic

imaging for at riskmembers couldprevent cerebral hemorrhages

and aortic dissections. � 2011 Wiley-Liss, Inc.
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INTRODUCTION
An inherited predisposition to thoracic aortic aneurysms leading

to aortic dissections (TAAD) can occur in association with genetic

syndromes, such as Marfan syndrome (MFS) and Loeys–Dietz
syndrome (LDS), or it can be inherited in families in the absence

of syndromic features. In families without syndromic features,

TAAD is primarily inherited in an autosomal dominant manner

with variable expression and decreased penetrance, and is desig-

nated familial TAAD [Milewicz et al., 1998]. These families show

considerable variability in disease presentation, including the loca-

tion of aortic disease in the ascending aorta, penetrance of the

disease, and the presence or absence of associated features, such as

patent ductus arteriosus (PDA), bicuspid aortic valve (BAV), and

livedo reticularis [Khau et al., 2004; Guo et al., 2007; Loscalzo et al.,

2007]. Studies have also confirmedsignificant genetic heterogeneity

for familial TAAD. Genetic mapping studies have identified 6

chromosomal loci and the genes at TAAD2, TAAD4, and 16p have
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been identified asTGFBR2,ACTA2, andMYH11, respectively [Guo

et al., 2001; Vaughan et al., 2001; Hasham et al., 2003; Pannu et al.,

2005; Zhu et al., 2006; Guo et al., 2007]. In families with TAAD

associated with either PDA or livedo reticularis, the associated

features served as phenotypic markers of the disease gene in family

members who were not penetrant for aortic disease, which helped

map the defective gene [Zhu et al., 2006; Guo et al., 2007].

Therefore, clinicalmanifestations not previously recognized as part

of a heritable syndrome may contribute to the identification of

novel genes for familial TAAD. In addition, such features can direct

genetic counseling and clinical management of these families

[Loscalzo et al., 2007].

A genetic predisposition for intracranial saccular aneurysms

(ICA) leading to subarachnoid hemorrhages (SAH) is heritable in

some families. Genetic syndromes due to single genemutations can

predispose to ICAs, such as vascular Ehlers Danlos syndrome and

polycystic kidney disease [Schievink, 2004; Ring and Spiegelhalter,

2007]. About 9–14% of patients with ICAs have a first-degree

relative with an ICA compared to 3–6% of individuals who do not

have an ICA [Wang et al., 1995; De et al., 1996; Kissela et al., 2002].

Linkage analysis of ICA families has been used tomapmultiple loci

for genes predisposing to ICAs or SAH (1p36, 5q31, 5p15, 7q11,

14q22, 17cen, 19q13, andXp22) and establish genetic heterogeneity

for this vascular disease [Verlaan et al., 2006; Foroud et al., 2008]. In

contrast to familial TAAD,noMendelian genes have been identified

for familial ICAs. It is notable that ICAs have been reported to be

associated with abdominal aortic aneurysms (AAAs), which

can both occur in a single patient and aggregate in families

[Kim et al., 2005].

We have identified TAAD families in which one or more

members also had a cerebrovascular event, such as cerebral aneu-

rysm, dissection, or hemorrhage. A number of factors made it

difficult to determine if the same mutant gene causing TAAD was

also responsible for the cerebrovascular events. First, ICAs affect 2%

of the population [Rinkel et al., 1998], so families with multiple

members with ICAs were needed to assess the probability that

TAAD and ICA could be part of a single-gene disorder. Second, the

genetic basis of fusiform aneurysms appears to be distinct from the

genetic etiologies of intracranial saccular aneurysms. Two reports

suggested that TGFBR1, TGFBR2, andACTA2 genemutations lead

to fusiformcerebral aneurysms [Guoet al., 2009; Tran-Fadulu et al.,

2009]. Herein, we describe families with unique clinical presenta-

tions in which TAAD and saccular ICAs segregate in families as a

single-gene disorder inherited in an autosomal dominant manner.

This phenotype is not due to mutations in known TAAD genes,

which suggests that single, yet-to-be identified, gene defects can

cause both types of aneurysms.

MATERIALS AND METHODS

Patients
This study has been approved by the Institutional Review Board at

the University of Texas Health Science Center at Houston. Families

with inheritance of both TAAD and ICAs were identified by

screening 514 families with two or more members diagnosed with

TAAD and known syndromes causing TAAD excluded. Family

histories including diagnosis of ICA andTAADwere obtained from

the proband or other family member and confirmed by medical

records when possible. Measurement of the thoracic aortic

diameters was performed using 2D echocardiography, CT, orMRI.

Cross-sectional aortic diameterwas evaluated at the aortic annulus,

the sinuses ofValsalva, the sino-tubular junction, and the ascending

aorta. Nomograms comparing body surface area to aortic diameter

at the sinuses of Valsalva were used to determine whether the

patient had a dilated aorta compared to individuals of similar age

and body size. ICAs were confirmed by cerebrovascular imaging

(MRA or CT angiography). Alternatively, past vascular events were

classified as saccular aneurysms based on a presentation of SAH or

if procedures used to repair saccular ICAs, such as endovascular

coiling or surgical clipping were used.

Statistical Analysis
Chi-square test of independence was performed to test the associa-

tion of gender and disease presentation.

DNA Sequencing Protocol
Bidirectional sequencing of ACTA2, TGFBR1, and TGFBR2 exons

was done using intron-based, exon-specific primers. PCR ampli-

fications were carried out using HotStar Taq� DNA polymerase

(Qiagen Inc., Valencia, CA). PCR products were treated using

Exo_SAP (Affymetrix Inc., Santa Clara, CA) to digest primers and

followed with sequencing PCR using the BigDye� sequencing

reaction mix (Applied Biosystems, Foster City, CA). The sequenc-

ing PCR products were purified using the BigDye XTerminator kit

(Applied Biosystems) and then loaded on anABI3730xl sequencing

instrument using the Rapid36 run module. The DNA sequencing

results were analyzed using the Mutation Surveyor software

(SoftGenetics, State College, PA).

RESULTS

We have recruited 514 families with two or more members with

TAAD for our research studies. The majority of these families

demonstrate potential autosomal dominant inheritance of TAAD

with decreased penetrance and variable clinical expression

[Milewicz et al., 1998; Guo et al., 2007]. Forty-eight (9.3%) of

these families included at least one member who was at risk to

inherit a gene mutation causing TAAD and had an intracranial

vascular event, such as cerebral aneurysm, rupture, or hemorrhage.

In these families, gender is significantly associated with disease

presentation (P< 0.001) and intracranial events aremore common

in women (65.4%) and TAAD occurred more commonly in men

(64.2%). Fifteen individuals from 12 unrelated families had both

TAAD and an intracranial vascular event. It is interesting to note

that 3men from families TAA071, TAA090, andTAA108 (pedigrees

not shown) presented initially with TAAD, and later with ICAs. In

addition, 1 woman presented with an ICA prior to developing

TAAD (TAA287). Note that no family had significant hypertension

segregating with the vascular diseases.

DNA from an affected family member in 47 of 48 families was

sequenced for the TGFBR1, TGFBR2, and ACTA2 genes. MYH11

was not sequenced because mutations have only been identified in
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families with TAAD associatedwith PDA [Pannu et al., 2007]. Four

of these 47 families were found to have either a TGFBR1, TGFBR2,

or ACTA2 mutation. Two TAAD families (TAA090 and TAA067)

have the TGFBR2 R460H mutation, and include members with

either saccular or fusiform aneurysms [Tran-Fadulu et al., 2009]. In

family TAA090, an affected man survived an ascending aortic

dissection but died from a ruptured ICA [Pannu et al., 2005]. In

a family with a TGFBR1 R487Wmutation (TAA009), two affected

individuals were identifiedwith asymptomatic fusiform aneurysms

of the basilar artery and no enlargement of the aorta [Tran-Fadulu

et al., 2009]. Family TAA377 included two members with fusiform

aneurysms of the internal carotid arteries resulting from anACTA2

R258C mutation [Guo et al., 2009]. Studies on the remaining

families were negative for mutations in these genes. It appears

that TGFBR1, TGFBR2, and ACTA2 mutations, albeit rare in this

cohort of TAAD plus intracranial vascular event families, can be

associated with fusiform cerebral aneurysms.

In 15 TAAD families, 17 family members at risk for inheriting

TAAD as an autosomal dominant condition with decreased pene-

trance and variable clinical expressivity had documented saccular

ICAs (Fig. 1). None of these families had longstanding, untreated

hypertension as the cause of their aortic or cerebral aneurysms. At

least one member of all 15 families, except for TAA175 (no sample

was available from a surviving member for sequencing), was

sequenced for TGFBR1, TGFBR2, and ACTA2; no mutation was

identified in these genes. In 4 families (Fig. 1a), the TAAD and ICA

phenotypes could be inherited in an autosomal dominant manner,

and at least two individuals in each pedigree were identified with

saccular ICAs. Of note, only women had ICAs in these families.

Two of these families (TAA062 and TAA395) also had members

with onset of AAAs under the age of 70 years.

Family TAA288 demonstrated a dominant inheritance of a

phenotype of TAAD in the men and ICAs in the women. Based

on the pedigree structure, we hypothesize that the women with the

ICAs were heterozygous for a putative gene inherited in the family

causing TAAD. The proband of family TAA288 (III:10) was a

29-year-old woman who had marked ectasia of the extracranial

portions of the internal carotid arteries on imaging and a small

infundibula at the origins of both posterior communicating arter-

ies. Her ascending aortic diameter at the sinuses of Valsalva was

normal (2.7 cm, BSA¼ 1.61m2). Two of the proband’s brothers, 39

and 35 years of age (III:7 and III:9), had ascending aortic aneurysms

involving the sinuses of Valsalva with a maximum diameter of

4.5 cm (BSA¼ 2.29m2) and 4.6 cm (BSA¼ 2.50m2) by echocardi-

ography, respectively. The proband’s 38-year-old brother (III:8)

underwent surgery of his aortic root at a diameter of 5.5 cm

(BSA¼ 2.15m2). The proband’s father (II:3) died suddenly of an

unknown cause at age 59. The proband’s younger paternal aunt

(II:5) died at age 57 of a ruptured ICA. One of this aunt’s sons

(III:11) has a thoracic aortic aneurysm with a diameter of 4.5 cm

diagnosed by echocardiography at age 41 years (BSA¼ 1.85m2).

The proband’s older paternal aunt (II:1) died of a ruptured ICA at

age 54. ACT scan prior to her death showed a left frontal hematoma

with SAH suggestive of rupture of an anterior communicating

artery aneurysm. This woman’s son (III:3) passed away at the age of

41 of an acute type A aortic dissection. At the time of his death, the

aortic root measured 8.9 cm; however, an echocardiogram per-

formed 3 years prior to his death showed an aortic root diameter of

3.3 cm (BSA¼ 2.06). In addition, this woman’s daughter (III:2)

had a normal echocardiogram and cerebrovascular imaging, but

her 18-year-old son (IV:1) has an enlarged aortic root of 4.15 cm

(BSA¼ 1.7m2).

Family TAA549 consists of four generations affected with tho-

racic aortic aneurysm and dissection and ICAs, primarily affecting

the women. The proband (III:1) is a 67-year-old woman with mild

dilatation of the ascending aorta measuring 3.8 cm (BSA¼ 1.9m2)

and normal cerebral vessels. Her brother (III:3) died of a thoracic

aortic dissection at age 25, and her sister (III:2) had a history of

cerebral aneurysm repair at age 50 and died at age 68 from a

suspected aortic aneurysm. Her mother (II:2) died at age 28 of

unrelated causes. A maternal uncle (II:3) died of a dissecting

aneurysm at age 55 and another uncle (II:6) died suddenly of a

suspected aortic dissection; however, an autopsy was not per-

formed. Individual II:3 has a daughter who is 71-year old with a

normal thoracic aorta, but mild dilatation of the common iliac

arteries. Her daughter (IV:1) had a type B dissection that was

repaired at age 49, and another daughter (IV:2) had a right internal

carotid artery saccular aneurysm that was embolized at age 43.

Individual II:6 has a52-year-old son (III:9)whohada thoracic aorta

repair, a daughter (III:8) who died of an aortic dissection at age 48,

and a granddaughter (IV:5)whodied suddenly at age 49 froma type

Aaortic dissection.Anothermaternal unclewhodied in an accident

at age 36 had a son (III:12) with an AAA. The proband’s maternal

grandmother died at age 78 from a suspected aortic disease and

reported to have a history of ICA and stroke, and likely carried the

inherited predisposition to both TAAD and ICA.

In family TAA062, ICAs, AAAs, and TAAs occurred in an

autosomal dominant pattern. The proband was a 76-year-old man

(II:2) who died of an acute type A dissection.His brother (II:3) died

of a ruptured AAA at age 62, and their mother (I:2) died of a

ruptured ICA at age 55. Four of the proband’s children had either

aortic or cerebral aneurysms. The oldest daughter (III:1) had an

AAA repair at age 53 and later died of a glioblastoma. The second

daughter (III:3) died of a ruptured AAA at age 60. The youngest

daughter (III:5) had a saccular ICA at age 52 that was surgically

clipped. The son (III:2) had an ascending aortic aneurysm that

measured 6.5 cm and surgically repaired at age 64.

Family TAA395 included ICAs in women and TAAD in men, as

well as an AAA in one man. The proband (III:2) was diagnosed at

age 65 with an infra-renal abdominal aneurysm that measured

3.9 cm by ultrasound and an enlarged aortic root measuring 4.2 cm

by echocardiogram (BSA 2.54m2). The proband’s 61-year-old

sister (III:3) had a ruptured intracranial saccular aneurysm at age

48 that was surgically clipped and a normal ascending aorta on

echocardiographic imaging. The proband’s 53 year-old brother

(III:4) also has an enlarged aortic root of 4.5 cm (BSA 2.08m2).

MRA imaging showed no evidence of an ICA and abdominal

ultrasound showed a normal abdominal aorta. The proband’s older

sister (III:1) has an aortic root measuring 3.8 cm (BSA 1.91m2),

which is at the upper limit of normal. The proband’s father (II:2)

died at age 58 of an ascending aortic dissection, and so did the

proband’s paternal grandmother (I:2) at age 75. The paternal uncle

(II:4) died suddenly at age 58 of an unknown cause. This man’s son

(III:6) died at age 56 of an acute ascending aortic dissection thatwas
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FIG. 1. Families with multiple members with thoracic aortic aneurysms and dissections (TAAD) with one or more members with saccular intracranial

aneurysms (ICAs). a: Pedigrees with multiple individuals with TAAD and at least two members at risk for inheriting the TAAD gene who had ICAs

(TAA288 and TAA549), and AAAs in addition to ICAs (TAA062 and TAA395). b: Pedigrees with an inheritance pattern of TAAD and ICAs similar to family

TAA288 and TAA549. c: Pedigrees with TAAD, ICAs, and AAAs inherited in an autosomal dominant manner. d: Pedigrees with manymembers with TAAD

and only one member with ICAs. e: Pedigrees with TAAD and ICAs that do not follow a Mendelian pattern for inheritance of a combined TAAD and ICA

predisposition gene. Squares representmales, circles represent females, and triangles representmiscarriages. A line through the symbol represents

a deceased person. TAADmeans thoracic aortic aneurysm/dissection, ICAmeans intracranial aneurysm, and AAAmeans abdominal aortic aneurysm.

d, age at death; dx, age at diagnosis. The asterisks (*) on a pedigree symbol indicates that the cause of death was verified by medical records,

autopsy report, or death certificate. The legend explains the designations for the other symbols used.

2128 AMERICAN JOURNAL OF MEDICAL GENETICS PART A



confirmed by autopsy. Interestingly, he was also found to have a

‘‘string of pearls’’ aneurysms of his renal arteries. The daughter of

this man (IV:2) had similar aneurysms of her right renal artery but

has not had either aortic or cerebrovascular imaging. Finally, the

sister of this man (III:7) died postpartum at age 24, and autopsy

identified cerebral hemorrhage as the cause of death.

Among the other families with TAAD and saccular ICAs, 2

families (TAA 287 and TAA480) showed inheritance patterns

similar to TAA288 and TAA549, namely ICAs mainly in women

and TAADs in men (Fig. 1b). However, these are smaller families

and are therefore not as convincing as families TAA288 and

TAA549 that a single-gene mutation causes both vascular diseases.

Families TAA258, TAA467, and TAA175 demonstrated a pattern of

inheritance of TAAD, ICA, and AAA that is similar to TAA395 and

TAA062 (Fig. 1c). In two additional families (TAA008 and

TAA059), many individuals had TAAD with only one individual

with an ICA, so it is uncertain whether the ICA and TAAD could

have resulted from a single genetic defect (Fig. 1d). Finally, 2 other

families (TAA113 and TAA311) show a familial aggregation of

TAAD and ICA; however, the inheritance pattern is not strongly

suggestive of an autosomal dominant inheritance pattern for

predisposition to either TAAD or ICAs (Fig. 1e).

DISCUSSION

The families presented here illustrate a novel phenotype of a genetic

predisposition tobothTAADand saccular ICAs inherited as a single

genedisorder in anautosomaldominantmanner.These families are

also notable for a gender-based difference in the vascular disease

presentation,with ICAs occurringmore often inwomen andTAAD

occurring more often in men. Considering the known genetic

heterogeneity associatedwith familial TAAD and ICAs, we hypoth-

esize that the unique phenotype presented by these families could

represent a novel locus or loci for these diseases. In addition, a

subset of the families with ICA andTAADalso included individuals

with early onset AAAs, suggesting a defective gene that leads to

aneurysm formation in multiple vascular beds. Inheritance of a

predisposition to both ICAs and AAAs has previously been re-

ported, therefore the presentation of TAAD, ICA, and AAA is not

unexpected [Kim et al., 2005]. In addition, genome wide associa-

tion studies have identified common polymorphic variants that

predispose tomany different vascular diseases, includingAAAs and

ICAs [Helgadottir et al., 2008].

The inheritance of the disease in these families reflects some

general characteristics of familial TAAD and familial ICAs. There is

variability in the age of onset indicating a possible role of genetic or

environmental modifiers. As noted previously, there is a gender-

based variability in vascular disease presentation. Decreased pene-

trance is also evident, as illustrated in individual III:2 in TAA288,

who is an obligate carrier of the putative defective gene based on her

son having ascending aortic aneurysm but has normal aortic and

cerebrovascular imaging. Family TAA395 is also remarkable due to

the multiple vascular disease presentation in family members. The

proband presented with both a thoracic and AAA, and two family

members were noted to have ‘‘string of pearls’’ aneurysms of their

renal arteries, further suggesting that the defective gene affects

different vascular beds.

Saccular ICAs are more common than the fusiform type, ac-

counting for approximately 90% of ICAs [Rinkel et al., 1998].

Individuals with mutations in TGFBR1, TGFBR2, or ACTA2 have

been documented to have fusiform aneurysms, along with saccular

ICAs. Fusiform aneurysms occur in elongated, tortuous vessels and

in some cases may be due to a previous dissection. In contrast,

saccular ICAs tend to occur at regions of increased hemodynamic

stress, such as the junctionof arterieswithin the anterior circulation

of the brain.

Identified genes that cause familial TAAD are also known to

predispose to cerebrovascular disease. Surveillance recommenda-

tions for families with TGFBR1 and TGFBR2 are established and

both aortic and cerebrovascular imaging is recommended in these

families [Loeys et al., 2006; Tran-Fadulu et al., 2009]. For ACTA2

mutations, the recommendations are still being developed, but

some ACTA2mutations such as the R258C and R258H mutations

confer a high risk for cerebrovascular disease, including both

vascular occlusive disease and fusiform aneurysms [Guo et al.,

2009]. Therefore, we recommend cerebrovascular imaging

for ACTA2 mutation patients there is a family history of cerebro-

vasculardisease or if cerebrovascular disease has been reported tobe

associated with a particular mutation.

Thepossibility of a genetic linkbetween ICAsandTAADsuggests

that an individual in a family displaying both disease phenotypes in

various members could be at risk for both types of aneurysms,

although our data suggest that women are at a higher risk for ICAs

and men for TAAD. Therefore, we recommend that at-risk mem-

bers in these families have routine imaging of their aorta and

cerebral circulation. In ICA and TAAD families that also have

members with AAAs, screening for AAAs is also recommended.

After successful treatment of an ascending aortic aneurysm or ICA,

imaging surveillance for asymptomatic aneurysms in the unre-

paired arteries needs to be continued. Early detection of aneurysms,

both aortic and cerebral, allows for early treatment and reduction

of risk associated with life-threatening outcomes of an acute

aortic dissection or cerebral hemorrhage. Ultimately, identification

of the defective genes will mean that only family members

harboring the mutant gene have to undergo surveillance for

these aneurysms.
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