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The thoracic aorta and sex differences. Sex differ-
ences exist in the biology, presentation, manage-
ment, and outcomes of patients with thoracic
aortic disease.

CENTRAL MESSAGE

Important sex-related differ-
ences exist in the epidemiology,
biology, management, and out-
comes of patients with thoracic
aortic disease.

The Invited Expert Opinion provides a perspective
on this topic based on the following paper:
Circulation. 2019;139:1177–1184. https://doi.org/10.
1161/CIRCULATIONAHA.118.035805.
There has been increasing recognition of important sex dif-
ferences in the development, management, and outcomes of
cardiovascular diseases. Identifying and understanding why
sex differences exist is a crucial first step toward reducing
disparities observed in clinical outcomes between women
and men. To this end, leading medical journals and scienti-
fic bodies, including the National Institutes of Health, have
called for a systematic and mandatory approach to reporting
sex and gender in all publications, clinical trials, and grant
applications.

The cardiovascular literature has repeatedly demon-
strated delayed diagnosis, suboptimal management, and
worse outcomes following medical and surgical treatment
in women compared with men. These findings have been
observed in patients across every form of cardiovascular
disease, including coronary disease, valvular pathology,
thoracic and abdominal aortic aneurysms, and cerebrovas-
cular and peripheral vascular disease. Several hypotheses
have been raised to explain these disturbing and consistent
findings; however, the mechanisms behind these observa-
tions remain poorly understood.

This review summarizes the contemporary literature
regarding sex differences in thoracic aortic aneurysm disease.
We describe differences in the epidemiology, biology, and
natural history of thoracic aortic aneurysm and dissection
(TAAD), as well as surgical management and outcomes.
We propose several explanations for these observed differ-
ences and suggest a call to action to better understand and
close the gap in outcomes for women with TAAD.
Sex Differences in the Epidemiology, Biology, and
Natural History of TAAD

Aortic aneurysm is an indolent, silent, yet virulent
disease associated with high morbidity and mortality.
Data from developed countries show that thoracic aortic
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disease affects nearly 0.16% of the population, with a
yearly incidence of aortic aneurysms of 10.4/100,000 and
of acute aortic syndromes of 7/100,000.1 However, these
numbers are undoubtedly underestimated, given that reports
rely heavily on acute aortic syndromes and not the entire
TAAD population. As many as 22% of people who
experience an acute dissection die at home before receiving
medical attention, and among those who reach the hospital
alive, 34% die within the first 30 days.1

Up to 25% of patients with TAAD have evidence of a
heritable aortopathy, most often due to a highly penetrant
pathogenic variant that is inherited in an autosomal
dominant manner. Although men and women are equally
likely to inherit the predisposition, individuals with single
gene disorders predisposing to TAAD are predominantly
men. Even among patients with syndromic disorders, there
exist differential aortic risk profiles, including age of onset,
aortic presentation, and outcomes based on sex. In the
largest cohort reporting the association of sex with pheno-
typic features of Marfan syndrome, males were more likely
to have aortic root dilatation and aortic regurgitation and to
have undergone surgery than females (P< .001 for all),
ery c September 2020
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indicating more severe and earlier manifestations of aortic
disease in men.2,3 In contrast, in a study of aortic growth
rate and the risk of acute dissection in Marfan syndrome, in-
dividuals who were ‘‘fast growers’’ had a 25% dissection
rate, with disproportionately more women affected.4 Men
with TGFBR1 mutations have more aggressive aortic dis-
ease compared with women, with earlier age of first aortic
event and more aortic dissections.5 In contrast, these sex-
based differences were not observed for patients harboring
pathogenic variants in TGFBR2 or SMAD3.5,6 For patients
with ACTA2 mutations, aortic events are more prevalent
in men than in women (62% vs 40%); however, age at first
aortic event was similar between the sexes.7 These data sug-
gest that sex differences exist and should be further investi-
gated among patients with genetically triggered TAAD.

For patients with TAAD without a clear genetic etiology,
the prevalence of thoracic aortopathy is also higher in men,
who account for nearly 70% of individuals with TAAD.8

However, this male predisposition is significantly
attenuated in older individuals, who predominantly have
degenerative thoracic aortic disease.8 Despite the lower
predisposition to develop aortopathy, women with thoracic
aortic aneurysm (TAA) are 3 times more likely to
experience dissection or rupture,9,10 especially at smaller
aneurysm sizes,11 and are 40% more likely than men to
die from TAA.11,12 Thus, although women appear to be
‘‘naturally protected’’ against thoracic aortic disease, in
those women who go on to develop the condition, this
may be a signal that their aortas harbor a greater burden
of wall pathology and/or are exposed to greater
hemodynamic challenges—all of which may contribute to
worse aorta-related outcomes in women.

Although women are often older and have more
comorbidities than men by the time they develop TAA,
studies have shown that the poor outcomes in women are
independent of age and comorbidities. Several authors
have supported the notion of relative aortic size disadvan-
taging women, who are usually smaller than men with
respect to height and baseline aortic diameter. Forbes and
colleagues13 confirmed this by demonstrating that a TAA
diameter of 4.97 cm in a woman correlates to a 6.0-cm
TAA in a man. Similarly, Davies and colleagues14 found
that indexing aneurysm to body size was more accurate
than absolute diameter for predicting dissection. Thus, it
is important for clinicians to consider aortic size with
respect to body size when making clinical decisions for
the management of TAA, which may result in earlier
intervention and improvement of TAA outcomes in women.
However, in the same study by Davies and colleagues,14

female sex still emerged as an independent risk factor for
acute aortic syndromes despite indexing aneurysm size to
body size. These results corroborate the notion that sex
differences in TAA outcomes are complex and cannot be
The Journal of Thoracic and Ca
attributed simply to differences in body size between men
and women.
The aging nonaneurysmal aorta remodels differently in

men and women. Although men’s aortas are larger to begin
with, the dynamics of aortic growth in later life are greater
in women. Accordingly, we have demonstrated that
aneurysm expansion is 3 times faster in women than in
men with TAA once aneurysm is indexed to body size,12 a
finding that was subsequently confirmed by the Yale group.15

These sex differences in TAA growth were only observed in
people with degenerative TAAs (typically older and with
high prevalence of hypertension), however, suggesting an
effect of arterial aging on the adverse TAA behavior in
women. Although sex differences in aortic behavior shed
further light on sex differences in TAA outcomes, their
underlying mechanisms remain poorly understood.
One possibility lies in the molecular and hemodynamic

differences betweenmen and women.We have demonstrated
that aortic stiffness (a robust marker of aortic health and arte-
rial aging) is a better correlate of TAA expansion in women
than in men.16 Corroborating this notion on a molecular
level, Sokolis and colleagues17 reported higher levels of ma-
trix metallopeptidase (MMP)-2 and MMP-9 (enzymes
capable of degrading and remodeling the arterial wall) and
decreased expression of the inhibitory enzymes tissue inhib-
itors of metalloproteinase (TIMP)-1 and TIMP-2 in women
thanmen. This impairment of aortic wall homeostasis, result-
ing in enhanced extracellular matrix degradation, leads to a
higher aortic elastic modulus, increased aortic stiffness, and
decreased aortic strength in women. These reported abnor-
malities in aortic wall health and biomechanics are likely
to have direct links to the worse aortic hemodynamics in
women. Accordingly, it is now well established that aortic
hemodynamics deteriorate at a faster rate in aging women
compared with men,18 leading to worse pulsatile
hemodynamics in women after age 50. This in turn directly
contributes to the greater prevalence of hypertension,
especially isolated systolic hypertension, in older women.
Because hypertension is associated with a 2.6-fold greater
odds of aortic dissection, is highly prevalent in patients
with TAAD,19 and has the highest population-attributable
risk for dissection (54%),19 older women’s greater
predisposition to adverse arterial hemodynamics and hyper-
tension likely contributes significantly to their faster rates of
aneurysm expansion and sex differences in outcomes.
In summary, aging appears to affect aortic health and

structure more adversely in women than in men,
characterized by greater extracellular matrix remodeling,
more rapid alterations in aortic geometry, and worse pulsa-
tile hemodynamics in women. Thus, the development of
TAA in older women may cause other abnormalities in
aortas that are already structurally and functionally
compromised, leading to further deterioration in aortic
rdiovascular Surgery c Volume 160, Number 3 657
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health and potentially explaining women’s faster aneurysm
expansion and worse TAAD-related outcomes.

Sex Differences in Surgical Outcomes Following TAA
Repair

Our recent study, ‘‘Sex-Related Differences in Patients
Undergoing Thoracic Aortic Surgery,’’ published in
Circulation, evaluated the impact of sex on outcomes
following aortic arch surgery.20 The study cohort
comprised 1653 patients (30% female) undergoing arch
repair at 10 institutions in the Canadian Thoracic Aortic
Collaborative. Female patients were older and presented
with larger indexed aortic diameters, whereas male
patients had more coronary disease and lower ejection
fractions. The duration of and cerebral protection strate-
gies used during circulatory arrest were similar in the
sexes; however, male patients underwent more complex
root operations, resulting in longer cardiopulmonary
bypass times. Our major finding was that despite under-
going less complex operations, females experienced
higher rates of mortality (11% vs 7.4%; P ¼ .02), stroke
(8.8% vs 5.5%; P ¼ .01), and a composite of in-hospital
adverse events (31% vs 27%; P ¼ .04). After accounting
for differences in baseline characteristics, female sex was
identified as an independent predictor of death (odds ratio
[OR], 1.81; 95% confidence interval [CI], 1.24-1.89;
P < .001), stroke (OR, 1.90; 95% CI, 1.28-2.85;
P < .001), and adverse events (OR, 1.40; 95% CI,
1.16-1.69; P < .001). These findings were consistent
among patients undergoing elective surgery and those un-
dergoing emergency surgery.

The vast majority of emergency arch operations are for
acute aortic dissection, and sex-based differences have
also been observed by the International Registry of Acute
Aortic Dissection (IRAD). Data from IRAD on 549 pa-
tients who underwent surgery for acute type A dissection
demonstrated higher mortality in women following surgi-
cal repair (31.9% in women vs 21.9% in men;
P ¼ .013).8 Women presented at an older age, were diag-
nosed later, and presented with higher rates of coma, hypo-
tension, and tamponade. The late presentation and
increased complications at diagnosis likely contributed to
the poor outcomes observed. A more recent study further
substantiated this finding and also reported a significant
delay in the diagnosis of acute aortic dissection in
women.21 Similar to observations in patients with acute
coronary syndrome, women were less likely than men to
experience the typical acute onset of chest pain, likely
contributing to the later diagnosis.

In addition to worse outcomes following surgical repair,
the IRAD study found that fewer women underwent sur-
gery, which is the gold standard treatment for acute type
A dissection. These findings echo research in the field of
abdominal aortic aneurysms (AAA), where women have
658 The Journal of Thoracic and Cardiovascular Surg
also been found to have lower repair rates and thus worse
outcomes.22 Female sex has been associated with a faster
growth rate of AAA and rupture at smaller diameters
compared with men, with one study reporting a mean
1-cm difference in aortic diameter at the time of rupture.23

What is unproven is whether there exists bias from surgeons
regarding perceived poor outcomes for women that may
partially explain the lower repair rates for acute type A
dissection or ruptured AAA. Interestingly, there were no
sex-related differences in the management or outcomes of
acute type B aortic dissections, which are typically medi-
cally treated.8

The sex-related differences in outcome following elec-
tive arch repair in our study may be related to a number
of factors. The increased age and greater indexed aortic
diameter at the time of repair for women implies more
advanced disease at the time of surgery. This pattern of
later referral and presentation has been observed repeat-
edly in coronary, valve, and heart failure surgery. Further-
more, despite having larger indexed aortic diameters,
women in our study underwent less complex and poten-
tially less comprehensive aortic repairs compared with
men. Suboptimal management of disease pathology once
it has been identified also has been shown for coronary,
valvular, and abdominal aortic disease. The poor surgical
outcomes that we observed also may be related to possibly
more fragile vessels that require technically more
demanding operations in women. Other proposed mecha-
nisms include the lower total body blood volume in
women, leading to higher transfusion rates and worse out-
comes. The explanation is likely multifactorial, culmi-
nating in women having a lower physiological reserve
for surgical insults.

Given these observations, it is possible that women may
derive disproportionately more benefit from less invasive
procedures that mitigate surgical insult. To support this hy-
pothesis, a recent meta-analysis of transcatheter versus sur-
gical aortic valve replacement trials found that women
experienced lower mortality when undergoing a transcath-
eter approach compared with conventional surgery, in
contrast to men, who had equivalent outcomes.24 In the en-
dovascular aneurysm repair (EVAR) literature, although
women have higher mortality than men following open
AAA repair, this gap is diminished for patients undergoing
EVAR, although complication rates remain higher for
women.25 Improvements in surgical technique for aortic
arch repair that minimize hypothermia and circulatory ar-
rest, such as the routine use of antegrade cerebral perfusion,
may disproportionately benefit female patients and close
the observed outcome gap in our study. Hybrid arch grafts
and other advanced endovascular approaches have been
developed to treat arch pathology. These promising less
invasive approaches may be of particular benefit to women
at high risk for open arch repair.
ery c September 2020
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Interestingly, the pattern of women benefiting from less
invasive surgical techniques is not seen in studies evaluating
differences between the sexes for the descending thoracic
and thoracoabdominal aorta. Two large retrospective
single-center series of open repair conducted at Baylor
and Cornell reported highly congruent findings.26,27

Women in both studies were older with more pulmonary
disease and more frequently presented with degenerative
aneurysms rather than dissections. To address these baseline
differences, the Baylor study used propensity score match-
ing and the Cornell study used multivariable logistic regres-
sion. Both studies found that female patients had the same
operative mortality as male patients but had a higher rate
of respiratory complications. The Cornell group found
that female sex predicted worse long-term survival.27

Meanwhile, Deery and colleagues28 evaluated data from
the Society for Vascular Surgery Vascular Quality Initiative
(SVS-VQI) registry to study sex-related differences in en-
dovascular repair of descending TAAs. Here again, the
women were older and had larger indexed aortic sizes,
more pulmonary disease, and less coronary disease. Howev-
er, the women experienced longer hospitalizations, as well
as higher 30-day and 1-year mortality rates. After multivari-
able logistic regression, female sex was found to indepen-
dently predict both perioperative and long-term mortality.
Similarly, a multicenter German study on endovascular
repair of thoracoabdominal aneurysms using branched
and fenestrated grafts also identified female sex as an
FIGURE 1. The thoracic aorta and sex differences. Sex differences exist in the

aortic disease.

The Journal of Thoracic and Ca
independent predictor of perioperative and long-term
mortality.29

More replicative studies are needed to better understand
the phenomena of sex-related surgical outcome differences.
We advocate for close attention to sex-specific factors and
reporting as we design future studies and gain experience
with emerging less invasive technologies.

Conclusions and Future Directions
As we have summarized, there is growing evidence sup-

porting altered and less favorable biology of the aortic wall
in women, particularly as they age. Women have been
observed to have higher rates of aortic growth, rupture, and
dissection at smaller aortic diameters, as well as delayed pre-
sentation and diagnosis of acute dissection. Furthermore,
women fare worse with surgical repair after both elective
and emergency surgery for thoracic aortic pathology.
To this end, we propose a call to action to (1) ensure

incorporation of sex and gender in all TAAD research,
including natural history studies; (2) further explore non–
size-related mechanisms for sex differences in TAA,
including differences in aortic aging, structure, and func-
tion; and (3) develop and validate novel sex-based algo-
rithms to crystallize risk stratification, disease monitoring,
treatment strategies, and prevention of complications in
TAAD. Figure 1 summarizes the sex differences in the
biology, presentation, management, and outcomes of pa-
tients with thoracic aortic disease.
biology, presentation, management, and outcomes of patients with thoracic

rdiovascular Surgery c Volume 160, Number 3 659
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In the abdominal aortic literature, the accumulating evi-
dence of worse outcomes in women has led to sex-specific
recommendations of diameter threshold for elective repair,
with repair offered at 5.5 cm in men and 5.0 cm in women.
There is a pressing need to refine the current thoracic aortic
guidelines to incorporate sex-specific variations in aortic size
and body surface area to inform thresholds for elective sur-
gery in TAAD. Clinicians should consider the distinct
constellation of symptoms that women with acute dissection
may harbor. Natural history data on TAAD remain sparse,
and further research is needed to develop and validate
markers other than size to identify vulnerable aortas and pre-
dict rupture. Similarly, further study is needed inwomenwith
TAAD contemplating pregnancy, to improve the manage-
ment of this high-risk population.

We encourage sex-based analysis of large national and
international registries of thoracic aneurysms and dissec-
tions. Similarly, prospective studies of TAAD should be
deliberate in their design and conduct to identify differences
in outcomes for men and women. The complex interactions
among genetic, hormonal, and environmental aspects of
TAAD development require further study to elucidate the
mechanisms behind these observed differences. As sex-
specific data on the presentation, etiology, and outcomes
of TAAD accumulate, we will be better equipped to provide
personalized management of patients with thoracic aortic
disease.
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