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Connective tissue disorders (CTDs) such as Marfan syn-
drome (MS), Loeys-Dietz syndrome (LDS), and Ehlers-

Danlos syndrome (EDS) are associated with progressive 
aortic dilation,1,2 which can result in aortic dissection and 
death.3 These adverse events can be prevented by prophylac-
tic surgical aortic root replacement.4 The timing of surgical 
intervention is traditionally based on serial evaluation of aor-
tic size.5 Although severe and rapid aortic dilation are predic-
tive of aortic complications, aortic size remains an imperfect 
predictor of dissection and death. Occasionally, dissection and 
death occur at an aortic diameter below the recommended sur-
gical threshold; yet, conversely, some patients remain free of 
adverse events beyond the recommended threshold.5 To refine 
medical and surgical guidelines for managing patients with 
CTDs, novel indicators of vascular phenotype severity such as 
aortic stiffness and vertebral tortuosity index have been pro-
posed.6,7 CTD patients are known to have structural changes 
within the aortic wall including degeneration of elastic fibers, 

increased collagen content, and smooth muscle cell loss. 
These changes result in increased aortic wall stiffness, which 
has been demonstrated by using cardiac MRI (CMR) and 
other techniques.6,8 However, these stiffness parameters have 
not been studied extensively in children and young adults, 
and the impact of CTD type on segmental aortic stiffness is 
unknown. Furthermore, the relationship between these param-
eters and aortic complications in this population has not been 
determined. Therefore, we studied CMR parameters of seg-
mental aortic stiffness in a cohort of children and young adults 
with CTD and assessed their relationship with surgical aortic 
root replacement and aortic growth rate.
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Methods
A retrospective review of existing clinical data at Boston Children’s 
Hospital was performed. The Department of Cardiology Scientific 
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Review Committee and the Boston Children’s Hospital Committee 
on Clinical Investigation approved this study.

Subjects
Children and adults with MS, LDS, EDS, or nonspecific CTD who 
had a CMR between January 2005 and July 2013 were identified, 
and those who had surgical aortic root replacement before any CMR 
imaging were excluded. Demographic, clinical, and surgical data 
were abstracted from the medical records. The revised Ghent nosol-
ogy was used for the diagnosis of MS.9 Based on standard clinical 
practice, not all MS patients had fibrillin-1 (FBN1) mutation testing. 
All LDS patients had a documented transforming growth factor beta 
receptor 1 or 2 gene mutation (TGFBR1/2) or transforming growth 
factor beta 2 gene mutation (TGFB2),and clinical characteristics of 
LDS, as well. EDS was clinically diagnosed. Patients were included 
in the nonspecific CTD group if they were given a diagnosis of CTD 
by a cardiac geneticist at this institution, but did not meet criteria for 
a specific diagnosis.

Echocardiography
Echocardiography was performed by using commercially available 
scanners (Philips Sonos 7500 or iE33; Philips Healthcare, Andover, 
MA) and standard techniques as recommended by the American 
Society of Echocardiography.10 Height and weight were measured 
at each echocardiogram, and body surface area was calculated using 
the Haycock formula.11 Aortic root diameter was measured from the 
parasternal long-axis view during peak systole (inner edge to inner 
edge, average of 3 measurements) by a single observer (N.R.). To 
adjust for body size, z score for the aortic root diameter was calcu-
lated using normative data from our laboratory.12 Aortic root diameter 
z scores from the first and most recent echocardiograms before the 
CMR examination were used to calculate the rate of aortic root dila-
tion (change in z score per year).

Cardiac MRI
CMR was performed for clinical indication by using a commercially 
available whole-body scanner (Achieva; Philips Healthcare, Best, 
The Netherlands). In cases of multiple studies, the most recent study 
was used. In young patients who could not cooperate with the exami-
nation (in general, <8 years of age), imaging was performed under 
general anesthesia. Brachial artery blood pressure was measured 
before the examination in the supine position by using commercial 
oscillometric blood pressure recorders. ECG-gated 2-dimensional 
cine steady-state free precession imaging of the aortic root was per-
formed in 2 orthogonal long-axis planes that were then used to pre-
scribe a stack of slices in the short axis of the aortic root (Figure 1). 
The following imaging parameters were used: echo time, 1.5 to 2 ms; 
repetition time, 2.8 to 4.0 ms; flip angle, 45 degrees; turbo factor, 10 
to 20; and 30 reconstructed images per cardiac cycle. Cine steady-
state free precession imaging was also performed in the short axis 
of the ascending (AAO) and descending aorta (DAO) with the use 
of similar imaging parameters. After placement of a peripheral intra-
venous cannula, 0.15 to 0.2 mmol/kg of gadopentetate dimeglumine 
(Magnevist; Berlex, Seattle, WA) was injected at a rate of 2 mL/s. 
Magnetic resonance angiography image acquisition was initiated 
using bolus tracker to optimize visualization of the aorta. Contrast-
enhanced 3D magnetic resonance angiography of the chest (including 
neck) was performed using a commercial T1-weighted fast gradient 
echo sequence as previously described.7

CMR Image Analysis
Cine steady-state free precession CMR images were analyzed at 3 
locations: aortic root, AAO, and thoracic DAO to calculate the param-
eters of aortic stiffness as previously described.13 In brief, at each 
location the aortic cross-sectional area was calculated by manual pla-
nimetry at peak systole and at end-diastole. During planimetry of the 
aortic root, short-axis images were cross-referenced to the 2 long-axis 
planes to account for through-plane motion of the aortic root during 

the cardiac cycle (Figure 1). Systolic and diastolic slices were chosen 
independently to ensure that they were equidistant from the aortic 
valve annular plane. With the use of this correction technique, the 
systolic slice was often 1 slice below the diastolic slice.

From the systolic and diastolic cross-sectional areas, the fol-
lowing parameters of aortic stiffness were calculated as previously 
described13–15:
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From the gadolinium magnetic resonance angiography images, 
the vertebral tortuosity index (VTI) was calculated as previously 
described.7 For AAO distensibility data, z scores were calculated by 
using previously published normative data.13

Statistical Analysis
The rates of surgical aortic replacement and aortic root dilation 
(change in z score per year) were evaluated as outcome variables. 
The rate of aortic root dilation was analyzed as a dichotomous vari-
able (highest quartile versus lower 3 quartiles). Univariate associa-
tions between these outcomes and predictor variables were examined 
by using the student t test, Wilcoxon-Mann-Whitney test, or Fisher 
exact test, as appropriate. Multivariable logistic regression modeling 
with forward selection was performed to identify predictors of each 
outcome. Variables demonstrating univariate associations with a P 
value of <0.1 qualified for inclusion into the final model. Spearman 
correlation coefficients were used to assess for associations between 
stiffness parameters, age, aortic size, and anatomic level. For all anal-
yses, statistical significance was evaluated with respect to a type 1 
error probability threshold of 0.05. Statistical analysis was performed 
using commercially available software (Stata version 12.0; StataCorp 
LP, College Station, TX).

Figure 1. Measurement of aortic root stiffness by cardiac MRI. 
Diastolic (B) and systolic (D) frames of cine SSFP images in 
the short axis of the aortic root were directly planimetered to 
calculate systolic and diastolic cross-sectional areas. To correct 
for through-plane motion during the cardiac cycle, short-axis 
slices were cross-referenced to corresponding long-axis images 
of the left ventricular outflow tract in orthogonal oblique sagittal 
(A) and oblique coronal (C) planes. SSFP indicates steady-state 
free precession.
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Results
Subjects
A database search yielded 146 patients with a CTD who had 
CMR imaging available for analysis. Of these, 63 patients 
were excluded because they did not have CMR imaging 
before surgical aortic replacement, and the remaining 83 
patients were included in this analysis. Characteristics of the 
study patients are shown in Table 1. The study population 
included predominantly young adults, but 17% of the sub-
jects were children (<18 years of age). Marfan syndrome was 
the most common CTD type. The single patient with EDS 
was of the classic type. A majority of patients were receiv-
ing a β-blocker, an angiotensin receptor blocker, or both. In 
comparison with included patients, the excluded patients 
were similar in age and sex distribution, but, as expected, 
all excluded patients had undergone aortic root replacement 

and a higher proportion had a diagnosis of MS or LDS (85% 
versus 66%).

Aortic Stiffness and Its Associations
Parameters of aortic stiffness at the 3 locations are summa-
rized in Table 2. On average, the aortic root was stiffer than the 
AAO and the DAO (P<0.0001 for both comparisons of strain 
values). In comparison with recently published normative val-
ues obtained by using similar methodology,13 AAO distensibil-
ity was reduced. The median AAO distensibility z score in our 
study cohort was –1.93 (–8.7 to 1.3; P<0.0001 in comparison 
with normative data), and 42% of the patients had a AAO dis-
tensibility z score < –2. Similar comparison for the values at the 
root and DAO levels could not be performed because of the lack 
of age-appropriate normative data at those locations.

Strain at the 3 locations correlated modestly (Figure 2) 
and decreased with increasing age (Figure 3). At each 

Table 1. Patient Characteristics

Parameter
All Patients  

(n=83)
Aortic Root Replacement  

(n=16) No Aortic Root Replacement (n=67) P Value

Median age at CMR, y 24 (1–55) 20 (1–48) 26 (2–55) 0.13

Age <18 y 17 (20) 6 (38) 11 (16) 0.08

Males 50 (60) 12 (75) 38 (57) 0.26

Type of CTD 0.03

                Marfan syndrome 45 (54) 9 (56) 36 (54)

                Nonspecific CTD 27 (33) 2 (13) 25 (37)

                Loeys-Dietz syndrome 10 (12) 5 (31) 5 (7)

                Ehlers-Danlos syndrome 1 (1) 0 (0) 1 (1)

Mean aortic root diameter z score

                Initial echocardiogram 3.4±1.9 5.1±2.0 3.1±1.6 0.002

                Latest echocardiogram 4.2±2.0 6.2±1.9 3.6±1.7 <0.001

Median vertebral tortuosity index 11.5 (2.0–88.0) 22.0 (4.0–88.0) 9.0 (2.0–60.0) 0.003

Medications

                β-Blocker only 20 (24) 6 (38) 14 (21) 0.20

                Angiotensin receptor blocker only 17 (20) 5 (31) 12 (18) 0.30

                β-Blocker and angiotensin receptor blocker 15 (18) 4 (25) 11 (16) 0.47

Data are presented as median (range), count (%), or mean±standard deviation, as appropriate. CMR indicates cardiac MRI; and CTD, connective 
tissue disorder.

Table 2. CMR-Derived Aortic Stiffness Parameters

Parameter All Patients (n=83)
Aortic Root Replacement  

(n=16) No Aortic Root Replacement (n=67) P Value

Aortic root

                Strain, % 9.0 (0.81–22.7) 7.0 (0.8–13.2) 9.7 (1.7–22.7) 0.02

                Distensibility (×10–3 mm Hg–1) 1.8 (0.2–5.8) 1.5 (0.2–4.6) 2.0 (0.3–5.8) 0.10

                β-Stiffness index 6.3 (1.8–50.1) 7.4 (3.6–50.1) 5.6 (1.8–32.8) 0.04

AAO

                Strain, % 20.0 (0.9–45.8) 19.7 (4.5–32.2) 20.0 (0.9–45.8) 0.71

                Distensibility (×10–3 mm Hg–1) 3.9 (0.8–12.4) 4.1 (1.3–8.4) 3.9 (0.8–12.4) 0.82

                β-Stiffness index 3.0 (1.0–59.9) 2.9 (1.4–8.7) 3.0 (1.0–59.9) 0.48

DAO

                Strain, % 20.2 (5.7–56.5) 21.0 (5.7–36.9) 19.7 (7.1–56.5) 0.34

                Distensibility (×10–3 mm Hg–1) 3.9 (1.3–15.3) 4.2 (1.5–7.2) 3.9 (1.3–15.3) 0.76

                β-Stiffness index 2.6 (0.8–10.4) 2.5 (1.7–7.1) 2.7 (0.8–10.4) 0.46

Data are presented as median (range). AAO indicates ascending aorta; and DAO, descending aorta. 
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location, strain decreased with increasing aortic size 
(Figure 4). Strain at all 3 locations was not associated with 
CTD type (analysis of variance P=0.1–0.9). A higher VTI 
was associated with a lower strain value at the root (r

s
=–0.23, 

P=0.04) and AAO (r
s
=–0.27, P=0.02) but not at the DAO 

(r
s
=–0.16, P=0.16).
In multivariable linear regression analysis, lower root 

strain value was independently associated with older age 
(P<0.0001) and larger diastolic root cross-sectional area 
(P<0.0001). Lower AAO strain value was independently 
associated with older age (P=0.002) and higher VTI (0.006). 
Lower DAO strain value was independently associated with 
older age (P=0.001), larger diastolic DAO cross-sectional area 
(P=0.04), and higher VTI (P=0.008).

Aortic Stiffness and Rate of Surgical Root 
Replacement
Over a median follow-up period of 2.7 years after the CMR, 
16 of 83 (19%) patients underwent surgical aortic root 
replacement. The results of univariate and multivariable logis-
tic regression analyses to identify factors associated with 
surgical aortic root replacement are shown in Tables 3 and 4. 
Among listed variables, the only parameters available to the 
clinicians at the time of decision making included the type of 
CTD, age at MRI, and latest aortic root diameter z score. On 
univariate analyses, several factors were associated with sur-
gical aortic root replacement including a diagnosis of Loeys-
Dietz syndrome, higher aortic root z score on most recent 
echocardiogram, higher VTI, lower aortic root strain, and 
higher aortic root β-stiffness index. On multivariable analysis, 
when the latest aortic root diameter z score was included in 
the model, no other factor remained significantly associated. 
Because this result was confounded by the fact that current 

surgical indications for aortic root replacement are based 
almost entirely on aortic root size, we also investigated mod-
els that did not include aortic root diameter z score and found 
that both VTI and aortic root strain remained independently 
associated with the outcome (C-statistic, 0.810). In patients 
who underwent aortic root replacement, median root strain 
values were ≈27% lower (Figure 5) and median VTI values 
were ≈140% higher in comparison with patients who did not 
undergo root replacement surgery. There were no dissections 
or deaths during the follow-up period.

Aortic Stiffness and Rate of Aortic Root Dilation
The median rate of increase in the echocardiographic aortic 
root diameter z score between the earliest and most recent 
echocardiograms before the CMR was 0.07 U/y (25%ile, 
75%ile: –0.04, 0.19). In univariate and multivariable logistic 
regression analyses, a higher rate of aortic root dilation (high-
est quartile; ≥0.19 z score units/y) was associated with a lower 
AAO strain (Tables 5 and 6). Patients with rates of aortic root 
dilation in the highest quartile had median AAO strain val-
ues that were ≈48% lower than patients in the lower quartiles 
(P=0.02, Figure 6). Root and DAO strain values were also 
≈27% lower in these patients but these did not reach statistical 
significance. Initial aortic root diameter z score and VTI were 
not associated with rate of change of echocardiographic aortic 
root diameter z score.

Discussion
In this analysis of children and young adults with CTDs, we 
used retrospective CMR data to derive several markers of aor-
tic stiffness at multiple anatomic levels. We found that CMR-
derived aortic stiffness was increased in comparison with 
normal controls, worsening with older age and increasing 

Figure 2. Correlation between strain at 3 aortic levels. Strain at the 3 locations was moderately correlated. AAO indicates ascending 
aorta; and DAO, descending aorta.

Figure 3. Correlation between strain and age. Strain at each aortic level decreased with older age. AAO indicates ascending aorta; and 
DAO, descending aorta.
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aortic size. Increased aortic stiffness was associated with a 
higher VTI, another novel marker of severity of vasculopathy 
in CTDs. Markers of increased aortic stiffness were associ-
ated with a higher rate of surgical aortic root replacement 
during follow-up and with a higher rate of aortic root dilation 
before CMR.

Although increased aortic stiffness in CTDs has been pre-
viously demonstrated, our study is the first to investigate the 
relationship between aortic stiffness and clinical end points 
such as the rate of aortic root replacement. In addition, we 
also studied the association of stiffness with age, aortic size, 
type of CTD, and another novel indicator of vascular pheno-
type severity, the VTI. To calculate aortic root stiffness, we 
describe a novel planimetric method using short-axis steady-
state free precession imaging.

Techniques to Estimate Aortic Stiffness
In the current work, we used cine CMR images to derive mea-
sures of aortic stiffness at 3 levels: the aortic root, AAO, and 
DAO. Although it is possible to derive similar measures of 
aortic root stiffness by using echocardiography and a measure 

of global aortic stiffness using tonometry, these techniques 
do not allow assessment of stiffness at multiple aortic levels. 
In addition, echocardiography can be limited by poor acous-
tic windows in older patients, particularly those with chest 
deformities. A recent multicenter study showed that interob-
server variability in measuring echocardiographically derived 
β-stiffness index was suboptimal (intraclass correlation coef-
ficient 0.676 for aortic root and 0.589 for AAO).16 Because 
of these known limitations, we chose to use CMR to assess 
aortic stiffness. Methods that use direct planimetry of the 
cross-sectional area of the AAO and DAO to calculate stiff-
ness parameters have been previously described.13,17 The use 
of these methods for the assessment of aortic root stiffness 
has been limited by marked through-plane motion of the root 
during the cardiac cycle. We describe a novel method to cor-
rect for through-plane motion by cross-referencing a stack of 
short-axis slices to corresponding orthogonal long-axis views 
of the aortic root. The use of the cross-sectional area instead 
of single plane diameter measurements helps avoid confound-
ing by factors such as asymmetry in the size of the sinuses. 
Among the 3 measures of aortic stiffness (strain, distensibility, 

Figure 4. Correlation between strain and aortic size. Strain at each aortic level decreased with a larger diastolic cross-sectional area. AAO 
indicates ascending aorta; BSA, body surface area; CSA, cross-sectional area; and DAO, descending aorta.

Table 3. Univariate Analysis of Factors Associated With Surgical Aortic Root Replacement (n=16/83, Median 
Follow-Up Duration 2.7 Years After CMR)

Odds Ratio 95% CI P Value

Loeys-Dietz syndrome 5.64 (1.40–22.80) 0.02

Age at MRI (every 5 y ↓) 1.19 (0.66–1.07) 0.15

Latest aortic root diameter z score 2.33 (1.44–3.78) <0.001

VTI (every 10 points ↑) 1.49 (1.13–1.97) 0.005

Aortic root stiffness measures

                Strain, % (every 5% ↓) 2.40 (1.11–5.15) 0.03

                Distensibility (×10–3 mm Hg–1; every 1 point ↓) 1.54 (0.86–2.73) 0.14

                β-Stiffness index (every 1 point ↓) 1.06 (0.99–1.14) 0.09

AAO stiffness measures

                Strain, % (every 5% ↓) 1.09 (0.80–1.43) 0.59

                Distensibility (×10–3 mm Hg–1; every 1 point ↓) 1.05 (0.82–1.35) 0.71

                Distensibility z score (every 1 point ↓) 1.06 (0.81–1.39) 0.66

                β-Stiffness index (every 1 point ↓) 1.01 (0.91–1.12) 0.84

DAO stiffness measures

                Strain, % (every 5% ↓) 1.22 (0.84–1.78) 0.30

                Distensibility (×10–3 mm Hg–1; every 1 point ↓) 1.09 (0.82–1.45) 0.57

                β stiffness index (every 1 point ↓) 1.17 (0.87–1.57) 0.31

AAO indicates ascending aorta; CI, confidence interval; DAO, descending aorta; and VTI, vertebral tortuosity index.
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and β-stiffness index), strain values are the simplest to obtain 
and showed the strongest relationship with the rates of aortic 
dilation and surgical replacement. Brachial blood pressure is 
used as a surrogate for central aortic pressure in the calcula-
tion of the other stiffness measures. This results in additional 
variance related to blood pressure measurement, making the 
parameters less reliable.

Aortic Stiffness by Anatomic Level, Age,  
and Aortic Size
Our study, which included children and young adults, con-
firms that aortic stiffness is increased in patients with CTDs. 
AAO distensibility was abnormally low in comparison with 
published normative values.13 Although similar normative 
values for stiffness measures at the root and DAO levels were 
not available for comparison, it is notable that, on average, 
the aortic root was significantly stiffer than the AAO or DAO, 
regardless of the type of CTD. Stiffness at each anatomic 
level was higher at older age. An increase in global aortic 
stiffness with aging has been previously described and age-
specific nomograms should be used to interpret these mea-
surements.13,18 At each anatomic level, the aorta was stiffer 
with larger local aortic size. Increased stiffness and dilation 
are both results of the underlying pathological abnormali-
ties within the aortic wall, and this finding is consistent with 
previous studies.6 Recently, the VTI has been described as a 
novel indicator of vascular phenotype and a higher VTI has 
been associated with aortic complications.7 Our finding of an 
association between aortic stiffness and VTI further supports 
the notion that these are novel indicators of vascular pheno-
type severity in CTDs.

Aortic Stiffness and Rate of Surgical Root 
Replacement
A significant proportion of the morbidity and mortality associ-
ated with CTDs is related to aortic dissection, which can be 
prevented by prophylactic aortic root replacement. Surgical 
intervention is usually planned based on aortic root size and 
rate of dilation. However, this prediction paradigm remains 
imperfect and has led to a search for additional markers of dis-
ease severity such as the VTI.7 It has been hypothesized that 
aortic stiffness may be an additional marker of disease sever-
ity, although its relationship with adverse outcomes, including 
dissection/death or need for surgical intervention, have not 
been studied previously. Our results indicate that both aortic 
stiffness measures and VTI are independently associated with 
the rate of surgical aortic replacement. Although these rela-
tionships did not persist in models that included measures of 

aortic root size, this is expected because current surgical indi-
cations for aortic surgery in patients with connective tissue 
disorders are based largely on aortic root size. Larger, pro-
spective studies are needed to confirm the association between 
aortic stiffness measures and surgical aortic replacement. 
Furthermore, these future studies should investigate the rela-
tionship of stiffness measures and the rates of the important 
clinical outcomes of aortic dissection and death.

Aortic Stiffness and Rate of Root Dilation
Despite several reports of increased aortic stiffness in CTDs, 
it remains unclear whether this measurement provides incre-
mental information regarding the severity of aortopathy and 
the risk of progressive aortic dilation. The association between 
increased stiffness and more rapid aortic dilation remains 
controversial. Jeremy et al19 showed that aortic stiffness was 
elevated in Marfan syndrome independent of aortic diameter 
and increased stiffness was associated with more rapid dila-
tion. This finding was supported by similar results obtained 
by Nollen et al20 and Kroner et al.21 In contrast, de Wit et al22 
showed that, in adults with heritable aortopathies, higher 
aortic stiffness was associated with lower rates of dilation. 
However, their study included a significant proportion of older 
adults, and, because aortic stiffness is known to increase dra-
matically in older patients, this might have confounded their 
results. Our results support the notion that higher aortic stiff-
ness is associated with more rapid aortic root dilation, but this 
result should be interpreted with caution given our retrospec-
tive study design and the variable timing of echocardiograms.

Several limitations of the current study are worth consider-
ing. Because of its retrospective design, the CMR assessment 

Table 4. Multivariable Models of Factors Associated With Surgical Aortic Root Replacement

Predictor Odds Ratio 95% CI P Value

Model including latest aortic root z score (C-statistic 0.868)

                Latest aortic root diameter z-score 1.97 (1.20–3.25) 0.008

Model excluding latest aortic root z score (C-statistic 0.810)

                VTI (every 10 point ↑) 1.44 (1.07–1.92) 0.01

                Aortic root strain (%; every 5% ↓) 2.19 (1.00–4.86) 0.05

CI indicates confidence interval; and VTI, vertebral tortuosity index.

Figure 5. Relationship between aortic root strain and surgical 
aortic root replacement. Box plots of aortic root strain values 
comparing patients who did and did not undergo surgical aortic 
root replacement during follow-up. Aortic root strain values 
were significantly lower in patients who underwent aortic root 
replacement.

D
ow

nloaded from
 http://ahajournals.org by on M

ay 16, 2023



Prakash et al  Aortic Stiffness in Connective Tissue Disorders  601

of stiffness was performed at varying ages and varying inter-
vals from the initial and latest echocardiograms used to assess 
the rate of root dilation. The retrospective nature of the study 
only allows for the assessment of the association between 
aortic stiffness and dilation, but not the ability to determine 
causality. Furthermore, the lack of dissection or death in the 
relatively short follow-up period did not allow us to assess 
relationships with these outcomes. Finally, the number of 
predictor variables used was large relative to the number of 
patients undergoing surgical aortic root replacement and to the 
total number of patients studied.

In conclusion, children and young adults have increased 
aortic stiffness independent of CTD type which can be 
assessed segmentally using CMR. We describe a novel 
method for motion correction during direct planimetric 

measurement of aortic root stiffness. Aortic stiffness wors-
ens with increasing age and larger aortic size. Higher aortic 
stiffness is associated with higher rates of surgical aortic 
replacement and aortic root dilation. Future studies to assess 
whether aortic stiffness measures independently predict 
aortic dissection and death may help further refine imaging 
and treatment guidelines.

Table 5. Univariate Analysis of Factors Associated With the Highest Rates of Root Dilation  
(≥0.19 z Score Units/y)

Rate of Increase in Aortic Root
z Score

P Value≥ 0.19/y (n=15) < 0.19/y (n=45)

Type of CTD 0.08

                Marfan syndrome 5 (33) 29 (64)

                Loeys-Dietz syndrome 2 (13) 5 (11)

                Ehlers-Danlos syndrome 0 (0) 1 (2)

                Nonspecific CTD 8 (53) 10 (22)

Age at MRI, y 26 (1–55) 23 (10–46) 0.58

Initial aortic root diameter z score 4.1±2.1 3.6±1.7 0.39

VTI 22 (3–58) 14 (2–88) 0.46

β-Blocker or angiotensin receptor blocker 10 (67) 31 (69) 1.0

Aortic root stiffness measures

                Strain, % 6.8 (0.8–18.1) 9.3 (1.7–22.7) 0.13

                Distensibility (×10–3 mm Hg–1) 1.6 (0.2–4.6) 1.8 (0.3–5.8) 0.44

                β-Stiffness index 7.4 (3.6–50.1) 6.0 (1.8–32.8) 0.30

AAO stiffness measures

                Strain, % 11.4 (0.9–34.0) 21.8 (3.1–45.8) 0.02

                Distensibility (×10–3 mm Hg–1) 2.1 (1.1–8.4) 4.0 (0.8–12.4) 0.15

                Distensibility z score –4.2 (–7.4 to 0.2) –1.7 (–8.7 to 1.3) 0.04

                β-Stiffness index 5.5 (1.4–59.9) 2.8 (1.0–13.7) 0.06

DAO stiffness measures

                Strain, % 16.5 (7.1–30.4) 22.5 (8.7–56.5) 0.03

                Distensibility (×10–3 mm Hg–1) 3.4 (1.3–7.2) 4.6 (1.7–15.3) 0.10

                β-Stiffness index 2.7 (1.7–10.4) 2.4 (0.8–6.6) 0.16

Data are presented as median (range), count (%), or mean±standard deviation, as appropriate. AAO indicates ascending aorta; CTD, 
connective tissue disorder; DAO, descending aorta; VTI, vertebral tortuosity index. 

Table 6. Multivariable Model of Factors Associated 
With Highest Rate of Root Dilation (>0.19 z score units/y; 
C-statistic 0.745)

Parameter Odds Ratio 95% CI
Multivariable  

P Value

AAO strain, % (every 5% ↓) 1.62 (1.09–2.4) 0.02

Nonspecific CTD 3.67 (0.86–15.8) 0.08

AAO indicates ascending aorta; CI, confidence interval; and CTD, connective 
tissue disorder.

Figure 6. Relationship between ascending aorta (AAO) Strain 
and rate of aortic root dilation. Box plots of AAO strain values 
comparing patients whose rate of increase in echocardiographic 
aortic root diameter z score was in the highest quartile with those 
whose rate of increase was in the lower 3 quartiles. Patients 
with the highest rate of aortic root dilation had lower AAO strain 
values.
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CLINICAL PERSPECTIvE
Historically, surgical management of patients with Marfan syndrome and related connective tissue disorders is based on the 
assessment of aortic size. However, aortic size is an imperfect predictor of aortic complications, and additional markers of 
the vascular phenotype severity have been sought. Structural changes within the aortic wall have been previously shown to 
result in increased aortic stiffness, but the relationship of aortic stiffness with aortic complications has not been determined. 
In this study, we examined the relationship between the cardiac MRI parameters of segmental aortic stiffness and the rates of 
surgical aortic root replacement and aortic growth rate. We found that aortic stiffness was elevated independent of connective 
tissue disorder type, and higher aortic stiffness was associated with a higher rate of aortic root replacement and with a higher 
aortic root growth rate. Future studies to assess whether aortic stiffness measures independently predict aortic dissection and 
death may help further refine imaging and treatment guidelines.
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