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ABSTRACT
Background  Marfan syndrome (MFS) is a connective 
tissue disorder characterised by complex aortic pathology 
and a high prevalence of obstructive sleep apnoea (OSA). 
OSA produces intrathoracic transmural stresses that may 
accelerate aortic injury. The current study was designed to 
examine the associations between OSA risk and markers 
of aortic enlargement in MFS.
Method  Consecutive patients with MFS were recruited 
at Johns Hopkins if they completed a STOP-BANG survey. 
Composite survey scores were categorised into those 
with low OSA risk (STOP-BANG <3) and high OSA risk 
(STOP-BANG ≥3). Participants’ aortic data were collated 
to ascertain aortic root diameter, dilatation and prior aortic 
root replacement. Regression analyses were used to 
examine associations between OSA risk strata and these 
aortic parameters.
Results  Of the 89 participants studied, 28% had a high 
OSA risk and 32% had aortic grafts. Persons with high 
OSA risk had greater aortic root diameter (mm) (ß=4.13, 
SE=1.81, p=0.027) and aortic root dilatation (ß=2.80, 
SE=1.34, p=0.046) compared with those with low OSA risk 
. In addition, the odds of prior aortic root replacement was 
three times greater in those with high OSA risk compared 
with those with low OSA risk.
Conclusion  In MFS, high OSA risk is associated with 
aortic enlargement and a threefold increased risk of 
having had prior aortic root replacement. These findings 
invite further exploration of the relationship between OSA 
and aortic disease in MFS, and studies to clarify whether 
targeted interventions for OSA might mitigate aortic 
disease progression in MFS.
Registration number  IRB00157483.

INTRODUCTION
Marfan syndrome (MFS) is a single gene 
disorder of connective tissue resulting in a 
structurally defective aortic wall, with conse-
quent cardiovascular complications such as 
aortic aneurysm and dissection at a young 
age.1 2 Current management includes the use 
of beta-blockers and angiotensin receptor 
blockers (ARBs) to mitigate haemodynamic 
stress and prevent pathological enlargement 
of the aorta. Despite use of these medications, 
persons with MFS remain at elevated risk for 
aortic dissection and rupture, and sometimes 
require surgical intervention.3–5

Obstructive sleep apnoea (OSA) is a 
recognised source of both haemodynamic 
and mechanical stress and is highly prevalent 
in MFS.6–9 OSA is characterised by periods of 
upper airway obstruction (UAO) during sleep 
punctuated by increased sympathetic activity 
leading to elevations in blood pressure and 
pulse rate.10 Furthermore, large swings in 
intrathoracic pressure that occur during these 
obstructive breathing events and concomitant 
snoring11 plausibly exert dilatory stress on the 
aorta.12 A case report by Cistulli et al, demon-
strated reduced aortic dilatation in a patient 
with MFS after treatment of OSA with contin-
uous positive airway pressure.13 However, 
studies exploring the relationship between OSA 
and aortic enlargement in MFS are lacking.

The present study examines cross-sectional 
associations between OSA risk and markers of 
aortic enlargement in persons with MFS. We 
hypothesised that a high risk for OSA would be 
positively associated with aortic root size and 
aortic root dilatation. We further hypothesised 
that high risk for OSA would be associated 
with prior aortic root replacement, a common 
surgical result of progressive dilatation.

METHODS
Patient and public involvement
Our research question was based on the 
premise that aortic disease is the most common 
cause of death in the MFS population, and 

Key messages

►► Does screening with the STOP-BANG questionnaire 
provide a method to identify persons with Marfan 
syndrome (MFS) at risk of aortic enlargement in the 
setting of obstructive sleep apnoea therefore merit-
ing referral for formal sleep studies?

►► Early detection and treatment of obstructive sleep 
apnoea in the MFS population may mitigate aortic 
disease progression.

►► This is the first study to offer a simple means for the 
early identification of persons with MFS with a high 
risk for aortic enlargement in the setting of untreated 
obstructive sleep apnoea.
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that OSA, a common disorder in this population, may 
contribute to aortic morbidity.9 14 Participants were 
recruited as part of a cross‐sectional OSA risk survey 
conducted at the Johns Hopkins Connective Tissues 
Disorders’ Clinic, Baltimore, Maryland, from December 
2017 to December 2019. Consecutive patients visiting the 
clinic for yearly health status evaluation received an OSA 
screening survey and completed it if they consented to 
participating. Eligible persons were adults over the age 
of 18 with genetic characterisation of fibrillin 1 (FBN-1) 
mutation, and those who were on OSA treatment were 
excluded (figure 1).

Demographic and anthropometric information were 
collected along with echocardiography data, which were 
accessed from the electronic medical record system. Our 
findings will be disseminated to participants via electronic 
mail information provided at the time of recruitment.

Specific procedures
Anthropometry
Participants had their height, weight and neck circum-
ference taken using standard techniques.15 Height and 
weight measurements were used to calculate body mass 
index (BMI).

Questionnaires
The STOP‐BANG screening survey16 was administered 
during the routine clinic visits between 2017 and 2019. 
Survey scores were used to group participants into low 
risk (STOP-BANG  <3) or high risk for OSA (STOP-
BANG ≥3) categories. Loud snoring, tiredness, witnessed 
apnoeas and hypertension were determined by yes or no 
responses on the STOP-BANG questionnaire.

Aortic dimensions
Transthoracic echocardiograms were performed and 
read by highly experienced cardiologists. Aortic root 

diameter was measured as previously described17 at end-
systole by the inner-edge convention in the parasternal 
long-axis view that showed the maximum diameter 
parallel to the aortic annular plane. Aortic root diameter 
measurements in 2017 were used for the cross-sectional 
analyses and aortic root dilatation was calculated by 
subtracting subjects’ aortic root diameter in 2013 from 
that in 2017. These dates span the data acquisition time 
points approved for the study.

Statistical analyses
To test our primary hypothesis, we used linear regression 
to model the association between OSA risk strata as the 
independent variable and aortic root diameter as well as 
aortic root dilatation as the outcome. We further inves-
tigated the associations between each OSA risk factor 
in the STOP-BANG (loud snoring, tiredness, witnessed 
apnoeas, hypertension, BMI, age, neck size, sex) and 
aortic dimensions using univariable linear regression 
analyses. Since grafting, a possible result of dilatation was 
more common in the older subjects; we further exam-
ined the association between OSA risk and aortic root 
dilatation in groups stratified by the median age.

Our secondary hypothesis was that high OSA risk would 
be associated with aortic root replacement, the major 
intervention for progressive dilatation in MFS. To test 
this hypothesis, we used logistic regression to model the 
association between OSA risk strata as the independent 
variable and aortic root replacement as the outcome. 
We also further examined the associations between each 
OSA risk factor in the STOP-BANG (loud snoring, tired-
ness, witnessed apnoeas, hypertension, BMI, age, neck 
size, sex) and aortic root replacement.

Analyses were performed using R (​www.​r-​project.​org, 
with the regression models using the ‘stats’ package) and 
a two-sided p<0.05 was considered statistically significant.

RESULTS
Participant characteristics
After screening, we enrolled 89 participants including 28 
who had prior aortic replacement surgery. As shown in 
table 1, men comprised 60% of the group and the median 
BMI was within the normal range. Based on STOP-BANG 
questionnaire responses, 28% had a high risk of OSA and 
median STOP-BANG score was two. The group with a 
high OSA risk was older, had a higher proportion of men, 
a greater BMI and neck size as expected for a group with 
suspected OSA. There was also a higher proportion of 
loud snorers, persons with hypertension, reported tired-
ness and witnessed apnoeas in the high OSA risk group 
(table 1). Eighty-five per cent of subjects were on a beta-
blocker, ARB or a combination of both. Continuous data 
are presented as median with the IQR in parenthesis.

Forty-six participants had aortic root diameter measure-
ments at baseline (2017) and 31 participants had paired 
measurements (2013–2017). The characteristics of these 
subsets of participants are shown in table 2.

Figure 1  Consolidated Standards of Reporting Trials 
diagram. MFS, Marfan syndrome; OSA, obstructive sleep 
apnoea.

www.r-project.org
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Association of OSA risk and aortic root dimensions
In our MFS cohort, persons with high OSA risk (STOP-
BANG  ≥3) had greater aortic root diameter compared 
to those with low OSA risk (ß=4.13, SE=1.81, p=0.027). 
Analyses of each STOP-BANG component showed that 
loud snoring, age and sex were positively associated with 
aortic root diameter, but neck size, witnessed apnoeas, 
hypertension and tiredness were not (table 3). Of note, 
BMI (≥35 kg/m2) was negatively associated with aortic 
root diameter (table 3). We further examined BMI as a 
continuous predictor variable, but found no association 
with aortic diameter (ß=−0.16, SE=0.16, p=0.325).

Aortic root dilatation was greater in participants with 
high OSA risk (STOP-BANG  ≥3) compared with those 
with low OSA risk (ß=2.80, SE=1.34, p=0.046), but anal-
yses of each STOP-BANG component showed no associ-
ation between the OSA risk factors and aortic dilatation 
(table 3). When participants were dichotomised by the 
median age of the paired subsample, high OSA risk was 
associated with aortic root dilatation in the group under 
the median age of 30 years (ß=4.00, SE=1.57, p=0.024) but 
not in the group above 30 years (ß=−0.39, p=0.511). Anal-
yses of each STOP-BANG component in both age group 

strata (table 4) showed only loud snoring as significantly 
associated with aortic root dilatation (ß=4.00, SE=1.57, 
p=0.024).

Association of OSA risk and prior aortic root replacement
Participants with high OSA risk had higher odds of 
having prior aortic root replacement compared with 
those with low OSA risk (OR=4.25, 95% CI; 1.57 to 11.95, 
p=0.005). Analyses of each STOP-BANG component 
showed that only loud snoring (OR=2.65, 95% CI; 1.01 to 
7.08, p=0.048), age ≥50 years (OR=9.90, 95% CI; 3.47 to 
31.15, p<0.001) and sex (OR=3.52, 95% CI; 1.40 to 9.24, 
p=0.009) were positively associated with prior aortic root 
replacement (table 5).

DISCUSSION
In this retrospective cross-sectional analysis of aortic 
dimensions in patients with MFS who completed a STOP-
BANG questionnaire, we found that a high OSA risk was 
associated with increased aortic root diameter and dilata-
tion rate. Loud snoring, age and male sex were the OSA 
risk factors associated with aortic diameter, but only loud 

Table 1  Participant characteristics

All participants (n=89) High OSA risk (n=25) Low OSA risk (n=64)

Demographics

 � Men:women 36:53 18:7 18:46

 � Age, years 35 (24–50) 51 (33–55) 33 (22–42)

Anthropometry

 � BMI, kg/m2 23.7 (21.0–26.7) 25.9 (24.4–30.4) 22.5 (20.7–25.4)

 � Neck, cm 36.0 (33.9–39.6) 39.3 (38.2–41.6) 35.0 (33.5–38.1)

 � Body surface area, m2 2.0 (1.9–2.1) 2.1 (2.0–2.3) 2.0 (1.9–2.2)

STOP-BANG

 � Loud snoring, n (%) 27 (30) 16 (64) 10 (16)

 � Witnessed apnoeas, n (%) 12 (13) 8 (32) 3 (5)

 � Tiredness, n (%) 59 (65) 21 (84) 36 (58)

 � Hypertension, n (%) 20 (22) 12 (48) 8 (13)

 � BMI (≥35 kg/m2), n (%) 3 (4) 2 (8) 1 (2)

 � Age (≥50 years), n (%) 23 (26) 15 (60) 8 (13)

 � Neck size (≥40 cm), n (%) 11 (12) 5 (20) 6 (9)

 � STOP-BANG score 2 (1–3) 4 (3–4) 1.0 (1.0–2.0)

Aortic grafts

 � Aortic grafts, n (%) 28 (31.5) 13 (54) 16 (26)

Blood pressure medication

 � Beta-blocker only, n (%) 10 (11) 2 (8) 8 (13)

 � ARB only, n (%) 28 (31) 7 (28) 21 (33)

 � Beta-blocker and ARB, n (%) 37 (42) 12 (48) 25 (39)

 � None, n (%) 14 (16) 4 (16) 10 (15)

Continuous variables are represented as medians with the IQR in parenthesis. Dichotomous variables are represented as a count with the 
percentage in parenthesis.
ARB, angiotensin receptor blocker; BMI, body mass index; OSA, obstructive sleep apnoea.
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snoring was associated with aortic dilatation rate, and 
only in younger persons with MFS. Finally, persons with 
high OSA risk were more likely to have had prior aortic 
root replacement, and loud snoring, age and male sex 

were the OSA risk factors most closely associated with this 
outcome. In the discussion below, we will place our find-
ings in the context of prior studies, and address potential 

Table 2  Participant characteristics

Subsample (n=46) Paired subsample (n=31)

High OSA risk (8) Low OSA risk (38) High OSA risk (4) Low OSA risk (27)

Demographics

 � Men:women 5:3 11:27 2:2 10:17

 � Age, years 36 (20–51) 31 (21–39) 25 (20–37) 31 (21–37)

Anthropometry

 � BMI, kg/m2 29.2 (24.7–31.3) 22.3 (20.2–25.1) 25.8 (21.4–28.1) 21.5 (19.9–25.1)

 � Neck, cm 40.0 (38.0–40.3) 35.0 (33.6–38.8) 38.0 (37.0–39.0) 35.0 (33.6–39.3)

 � Body surface area, m2 2.0 (2.0–2.5) 2.0 (1.9–2.2) 2.0 (1.8–2.0) 2.0 (1.9–2.2)

STOP-BANG

 � Loud snoring, n (%) 6 (75) 4 (11) 4 (100) 2 (7)

 � Witnessed apnoeas, n (%) 2 (25) 2 (6) 1 (25) 2 (7)

 � Tiredness, n (%) 8 (100) 19 (53) 4 (100) 14 (52)

 � Hypertension, n (%) 4 (50) 5 (13) 2 (50) 5 (19)

 � BMI (≥35 kg/m2), n (%) 1 (14) 1 (3) 0 (0) 0 (0)

 � Age (≥50 years), n (%) 3 (38) 2 (5) 1 (25) 2 (7)

 � Neck size (≥40 cm), n (%) 2 (25) 3 (8) 1 (25) 3 (11)

 � STOP-BANG score 4.0 (3.0–4.0) 1.0 (1.0–1.0) 3.5 (3.0–4.0) 1.0 (1.0–2.0)

Aortic parameters

 � Aortic diameter, mm 43.3 (38.9–45.6) 38.7 (35.0–41.1) 43.3 (40.6–44.4) 40.0 (35.6–41.8)

 � Aortic root dilatation, mm* – – 4.3 (0.1–8.6) 1.1 (0.2–2.4)

Blood pressure medication

 � Beta-blocker only, n (%) 2 (25) 5 (13) 2 (50) 8 (30)

 � ARB only, n (%) 3 (37) 10 (26) 1 (25) 2 (7)

 � Beta-blocker and ARB, n (%) 1 (13) 16 (42) 1 (25) 13 (48)

 � None, n (%) 2 (25) 7 (18) 0 (0) 4 (15)

Continuous variables are represented as medians with the IQR in parenthesis. Dichotomous variables are represented as a count with the 
percentage in parenthesis.
*Aortic dilatation was computed for the subsample with paired aortic data in 2013–2017.
ARB, angiotensin receptor blocker; BMI, body mass index; OSA, obstructive sleep apnoea.

Table 3  Association of STOP-BANG obstructive sleep apnoea risk factors and aortic dimensions

Outcome

Aortic diameter, mm (n=46) Aortic dilatation, mm (n=31)

ß SE P ß SE P

Loud snoring 4.12 1.64 0.015 1.65 1.18 0.173

Tiredness −0.71 1.54 0.646 −0.31 1.05 0.780

Witnessed apnoeas 3.36 2.58 0.199 −1.40 1.67 0.405

Hypertension 0.67 1.82 0.713 0.19 1.15 0.870

Body mass index (≥35 kg/
m2)

−7.11 3.49 0.048 −0.14 0.12 0.256

Age (≥50 years) 5.03 2.20 0.027 −1.48 1.61 0.363

Neck size (≥40 cm) −1.78 2.36 0.458 −1.97 1.52 0.214

Male sex 3.95 1.40 0.007 1.87 0.93 0.053
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mechanisms, limitations and clinical implications of our 
study.

Kohler et al, has previously shown that persons with 
MFS and OSA have greater aortic diameter compared 
with those without OSA.9 We not only observed a similar 
cross-sectional association, but also found that high OSA 
risk was associated with aortic root dilatation. Our find-
ings further suggested interactions between age and 
high OSA risk, particularly loud snoring, on aortic root 
dilatation. For example, aortic dilatation in loud snorers 
was higher among the younger but not older MFS partic-
ipants, which may be due to a ‘ceiling effect’ of reduced 
aortic distensibility with increasing age,18 or the fact that 
most of the older snorers had already undergone aortic 
root replacement (figure  2). Furthermore, high OSA 
risk was strongly associated with aortic root replacement, 
which could reflect a mechanistic link of OSA with aortic 
disease progression or other considerations such as age 
and male sex aligned with OSA prompting surgical inter-
vention. In fact, our evaluation of OSA risk factors and 
potential modifiers of aortic disease revealed age and 
male sex to be associated with prior aortic root replace-
ment (table  5). Age and male sex may be important 
factors in the association between snoring/OSA risk and 
aortic disease, since both are risk factors for snoring/

OSA19 and also for progression of aortic pathology20 in 
MFS.

Kohler et al also showed that persons with MFS with 
OSA were more likely to have aortic adverse events,21 
supporting the findings of this study. Taken together, our 
findings suggest that OSA may either cause or predict 
aortic enlargement and aortic disease progression in 
selected persons with MFS.

Associations between OSA and aortic disease in MFS 
may be driven by the development of markedly negative 
nocturnal swings in inspiratory intrathoracic pressure that 
occur with upper airway obstruction. In fact, inspiring 
against an obstructed airway exerts substantial mechan-
ical stress on intrathoracic tissues.22 As intrathoracic pres-
sure falls, the aortic transmural pressure rises, which can 
accelerate aortic dilation and aneurysm formation.23 24 
The magnitude of these pressure swings increases with 
the severity of OSA, sometimes exceeding 80 mm Hg.22 
Our study demonstrates that deleterious aortic outcomes 
are associated with both the severity and duration of 
UAO, as loud snoring in our subjects was likely associated 
with marked increases in snoring frequency and inspi-
ratory duty cycle,11 thereby increasing the duration and 
severity of mechanical stress on the aorta. In addition to 
large intrathoracic pressure swings, OSA is characterised 
by recurrent arousals and concomitant surges in sympa-
thetic activity. Cyclic elevations in pulse rate and blood 
pressure ensue7 10 25 that can augment stress to the aorta.

Table 4  Association of STOP-BANG obstructive sleep apnoea risk and aortic dilatation stratified by median age

Outcome

Aortic dilatation, mm

≤30 years of age >30 years of age

ß SE P ß SE P

Loud snoring 4.00 1.57 0.024 −0.67 1.45 0.643

Tiredness −0.06 1.53 0.968 −0.64 1.35 0.657

Witnessed apnoeas −2.66 2.97 0.386 −0.10 1.86 0.948

Hypertension 2.35 2.15 0.292 −0.17 1.24 0.918

Body mass index −0.34 0.21 0.133 0.03 0.15 0.832

Age −0.31 0.16 0.074 −0.67 1.45 0.391

Neck size (≥40 cm) −3.67 3.05 0.274 −0.78 1.84 0.900

Male sex 2.25 1.37 0.122 0.21 1.46 0.897

Table 5  Association of obstructive sleep apnoea risk and 
prior aortic root replacement

ß 95% CI P value

Loud snoring 2.65 1.01 to 7.08 0.048

Tiredness 1.23 0.48 to 3.31 0.670

Witnessed apnoeas 1.42 0.34 to 5.43 0.614

Hypertension 1.75 0.60 to 4.98 0.298

Age (≥50 years) 9.90 3.47 to 31.15 <0.001

Body mass index 
(≥35 kg/m2)

1.04 0.05 to 11.32 0.976

Neck size (≥40 cm) 2.22 0.53 to 9.31 0.268

Male sex 3.52 1.40 to 9.24 0.009
Figure 2  Proportion of subjects with aortic grafts stratified 
by median age.



6 Sowho M, et al. BMJ Open Resp Res 2021;8:e000942. doi:10.1136/bmjresp-2021-000942

Open access

Limitations
We acknowledge several limitations in interpreting our 
findings. First, the sample size of this study was limited, 
preventing robust exploration of OSA risk factors and 
other potential modifiers of aortic dimensions in multi-
variable models. Nevertheless, our sample was substantial 
for a rare disorder like MFS and several levels of analyses 
in our sample confirmed the strong associations between 
loud snoring, a specific marker of OSA, and aortic 
outcomes including diameter, dilatation and presence of 
grafts. Second, our study lacked diagnostic validation for 
OSA risk from objective sleep studies. Sleep studies could 
provide objective measures of snoring, intrathoracic 
mechanical stress and surges in sympathetic activity from 
OSA. Future efforts should therefore assess aortic dilata-
tion before and after treatment of validated sleep apnoea. 
Third, we could not determine the exact indications for 
aortic replacement surgery with grafting (beyond aortic 
enlargement itself). Fourth, we did not have sufficient 
sample data on genotype to determine whether OSA 
severity was related to differences in the autosomal 
dominant mutations in FBN-1, haploinsufficient versus 
dominant negative, which are known to modify the pres-
ence and severity of aortic disease in MFS.26 27 Finally, we 
did not account for phenotypic complications of MFS 
including the presence of pectus deformity, scoliosis, 
kyphosis and comorbidities such as valvular heart disease, 
heart failure, asthma and chronic obstructive pulmonary 
disease (COPD) that may also modify the association of 
OSA and aortic disease progression.

Clinical implications
Functional defects in the FBN-1 protein leads to connec-
tive tissue pathology and vulnerability of the aortic wall in 
MFS.1 2 These defects cause soft tissue laxity that weaken 
the aortic wall and predispose to rapid aortic dilation 
over time.28 29 However, additional factors may act as a 
‘second hit’, effectively aggravating aortic pathology in 
MFS, as explained above. Our findings suggest that OSA 
should be further examined as such a pathogenic factor. 
Our findings carry additional importance because MFS 
may itself predispose to OSA through effects on palatal 
and pharyngeal structures.29–32 Despite the potential link 
between OSA and aortic disease progression in MFS, we 
recognise that OSA and aortic enlargement could be 
independent manifestations of underlying MFS disease 
severity.

We recently demonstrated accurate OSA screening 
in persons with MFS who had home sleep studies using 
the STOP-BANG questionnaire.33 As shown in this study, 
screening with the STOP-BANG questionnaire could 
serve as a simple means to stratify MFS persons for sleep 
phenotypes that might impact cardiovascular status. We 
do not believe that a high OSA risk finding with the STOP-
BANG replaces a valid sleep study; instead we believe that 
this screening approach may provide a persuasive ratio-
nale for obtaining formal sleep studies in patients with 

MFS who present with atypical symptoms. Future studies 
are needed to quantify the nocturnal haemodynamic 
stresses associated with snoring and OSA in persons with 
MFS, and to investigate the efficacy of interventions in a 
clinical trial or patient registry setting.
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