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Aims To assess aortic flow and stiffness in patients with Loeys—Dietz syndrome (LDS) by 4D flow and cine cardiovascu-
lar magnetic resonance (CMR) and compare the results with those of healthy volunteers (HV) and Marfan
syndrome (MFS) patients.

Methods Twenty-one LDS and 44 MFS patients with no previous aortic dissection or surgery and 35 HV underwent non-

and results

contrast-enhanced 4D flow CMR. In-plane rotational flow (IRF), systolic flow reversal ratio (SFRR), and aortic
diameters were obtained at 20 planes from the ascending (AAo) to the proximal descending aorta (DAo). IRF and
SFRR were also quantified for aortic regions (proximal and distal AAo, arch and proximal DAo). Peak-systolic wall
shear stress (WSS) maps were also estimated. Aortic stiffness was quantified using pulse wave velocity (PWV) and
proximal AAo longitudinal strain. Compared to HV, LDS patients had lower rotational flow at the distal AAo
(P=0.002), arch (P=10.002), and proximal DAo (P <0.001) even after adjustment for age, stroke volume, and local
diameter. LDS patients had higher SFRR in the proximal DAo compared to both HV (P=0.024) and MFS patients
(P=0.015), even after adjustment for age and local diameter. Axial and circumferential WSS in LDS patients were
lower than in HV. AAo circumferential WSS was lower in LDS compared to MFS patients. AAo and DAo PWV
and proximal AAo longitudinal strain revealed stiffer aortas in LDS patients compared to HV (P=0.007, 0.005, and
0.029, respectively) but no differences vs. MFS patients.

Conclusion Greater aortic stiffness as well as impaired IRF and WSS were present in LDS patients compared to HV.
Conversely, similar aortic stiffness and overlapping aortic flow features were found in Loeys—Dietz and Marfan
patients.
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Introduction

Loeys—Dietz syndrome (LDS) is an autosomal-dominant hereditary
connective tissue disorder (CTD) with widespread systemic involve-
ment characterized by vascular alterations, skeletal manifestations,
and craniofacial and cutaneous features.! This rare syndrome is
caused by pathogenic variants in the genes related to the transform-
ing growth factor-P signalling pathway' and entails an increased risk
of aneurysms and dissections.?

Marfan syndrome (MFS), a more common CTD caused by
pathogenic variants in the FBN gene, shares overlapping phenotypic
features with LDS such as skeletal manifestations and aortic
dilation.** Early studies reported shorter life expectancy for patients
with LDS compared to patients with MFS," with dissections occurring
earlier and at smaller aortic diameters1’3; however, recent studies
found similar prognoses in patients with LDS and MFS.5® This dis-
crepancy may be partially due to the relatively recent description of
LDS and the wide variability and severity in patients with LDS, even
among family members with the same pathogenic variant.®

In recent years, cardiovascular magnetic resonance (CMR) imaging
has emerged as a potential tool to provide comprehensive informa-
tion on aortic flow dynamics and stiffness. In particular, time-resolved
three-dimensional phase-contrast CMR (4D flow CMR) permits
both regional aortic biomechanics’ and advanced haemodynamic
characteristics'® to be assessed with an unprecedented level of detail.
Recent CMR studies in patients with MFS reported increased aortic

stiffness™ 14

and altered rotational flow patterns and wall shear
stress (WSS),"? with all these abnormalities being present even in
patients without aortic dilation.>" Of note, increased aortic stiffness
showed an independent value to stratify the risk of progressive aortic
dilation, dissection, and need for aortic root replacemen‘c.zo'21 To the
best of our knowledge, no previous studies had assessed aortic
stiffness and haemodynamics in patients with LDS.

This study aims to assess aortic blood flow and aortic stiffness by
4D flow and cine CMR in patients with LDS and compare the results

with those of healthy volunteers (HV) and patients with MFS.

Methods

Study population

Twenty-one genetically confirmed patients with LDS were prospectively
and consecutively recruited from the Genetic Aortic Unit of the Vall
d’Hebron Hospital. Exclusion criteria were age <18 years, previous aortic
dissection or aortic surgery, significant aortic valve disease (>grade Il aor-
tic regurgitation or stenosis), and bicuspid aortic valve or contraindication
for CMR. In order to compare the LDS and MFS populations, 44 patients
with MFS were retrospectively identified from a cohort of 75 consecutive
previously studied cases with MFS by excluding patients with aortic root
diameter >46mm and body surface area (BSA) >2.0m? (ie. the max-
imum values of these parameters in the LDS group). Thirty-five HV
matched for age, sex, and BSA were also included for comparison. The
study was approved by the institutional ethics committee and written
informed consent was obtained from all participants.

CMR protocol
CMR studies were performed on a 1.5-T Signa scanner (GE Healthcare,
Waukesha, Wisconsin, USA). The protocol included double-oblique

balanced steady-state free-precession cine imaging to evaluate aortic
diameter at the sinus of Valsalva (SoV), 2D phase-contrast images at the
aortic valve to assess valve disease, and a 4D flow CMR study to analyse
aortic flow dynamics, biomechanics, and regional diameter.

A radially-undersampled acquisition [PC-VIPR (phase-contrast vastly
undersampled isotropic projection)] with five-point balanced velocity
encoding®? and retrospective ECG gating during free-breathing was used
for 4D flow CMR imaging of the entire thoracic aorta. 4D flow CMR
acquisitions were made using the following parameters: velocity encoding
200 cms, field of view 400 x 400 x 400 mm, acquisition matrix 160 x
160 x 160, voxel size 2.5 x 2.5 x 2.5 mm, and flip angle 8°. The dataset
was reconstructed according to the nominal temporal resolution of each
patient, ranging from 20 to 42 ms. Data were corrected for background
phase from concomitant gradients, eddy currents, and trajectory errors
of the 3D radial acquired k-space.”” Brachial systolic (SBP) and diastolic
(DBP) blood pressures were taken immediately after the CMR study.

Aortic flow dynamics evaluation with 4D
flow CMR

A 3D segmentation of the thoracic aorta was obtained from the angio-
gram derived from the 4D flow CMR using ITK-SNAP.2* The aortic cen-
treline was computed and several anatomical landmarks were defined
(Figure 1B). Twenty equidistant planes of analysis were located between
the sinotubular junction and the proximal descending aorta (DAo) at the
level of the pulmonary artery bifurcation: 8 in the ascending aorta (AAo)
(from the sinotubular junction to the first supra-aortic vessel), 4 in the
arch (from the first to the third supra-aortic vessels), and 8 in the prox-
imal DAo (Figure 1C).

Flow-dynamics characterization was obtained in each plane by means
of custom-designed Matlab code (Mathworks, Natick, MA, USA). Systolic
flow reversal ratio (SFRR) was calculated as the ratio of backward to for-
ward volumes passing through the plane during systole. This parameter
offers quantification of the magnitude of vortices rotating around an axis
perpendicular to the centreline.** In-plane rotational flow (IRF) was quan-
tified as the integral over the cross-section of the in-plane component of
circulation, a parameter used in fluid dynamics to quantify flow rotation
within a plane®® at the systolic peak (Figure 1C). Both parameters were
also quantified for aortic regions (proximal and distal AAo, arch and prox-
imal DAo) by averaging them in all the planes pertaining to each region.

For each analysis plane, peak-systolic WSS vectors were calculated as
previously described'®?® and were decomposed into axial and circumfer-
ential components.”” Lumen contours were aligned for all patients using
the inner aortic curvature as a reference, and axial and circumferential
WSS were averaged at eight regions around the contour at each analysis
plane (left-outer, left, left-inner, inner, right-inner, right, right-outer, and
outer) (Figure 1D). Population-averaged WSS maps were obtained for
each of the three patient groups (i.e. LDS, MFS, and HV).

Aortic mechanical properties
Mechanical properties of the aortic wall were characterized by an in-
house Matlab code (MathWorks, Inc., Natick, MA, USA). Regional aortic
pulse wave velocities (PWV) were computed separately from 4D flow
CMR data in the AAo and DAo.” Velocity waveforms were extracted at
100 equally distributed analysis planes and transit time was calculated
with the wavelet-based method, the most robust technique.”® The AAo
was here defined from the sinotubular junction to the third supra-aortic
vessel and the DAo from the third supra-aortic vessel to the level of the
diaphragm.

Proximal AAo longitudinal strain was computed by tracking the aortic
valve throughout the cardiac cycle from a set of coronal and sagittal aortic
valve cine images, as previously detailed.”’
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Aortic diameters

Three cusp-to-cusp aortic root diameters were quantified from double-
oblique cine CMR acquisitions at end-diastole and the maximum was
retained for analysis. Aortic root dilation was considered when z-score,
based on age, BSA, and sex as reported by Devereux et al,’ was >2.
Moreover, at each analysis plane, local aortic diameter was automatically
extracted from the 4D flow CMR segmentation by computing the circle
that best fit (least-squares method) the local segmentation of the aorta.

Statistical analysis

Continuous variables are expressed as mean + standard deviation if they
presented a normal distribution and as median [1st—3rd] quartiles other-
wise. Categorical variables are presented as frequency (percentage). The
Shapiro—-Wilk test was used to assess distribution normality in LDS and
Kolmogorov-Smirnov test in patients with MFS and HV. Differences be-
tween groups for continuous parameters were assessed by Student’s t-
test if normally distributed and Mann—Whitney U test otherwise. Chi-
square test was used for categorical variables. Multivariate linear regres-
sion analyses with a backward selection procedure and multicollinearity
test were used to identify statistically significant independent associations.
Independent variables entered the model if P<0.2 on bivariate analysis
and were progressively excluded if P>0.1. A two-tailed P-value <0.05
was considered statistically significant. SPSS 21.0 (IBM SPSS Statistics,
Chicago, IL, USA) was used for the analysis.

Results

Demographic and clinical characteristics
The demographic and clinical characteristics of the LDS, HV, and
MFS groups are shown in Table 1, while regional aortic diameters are

shown in Figure 2. Patients with LDS presented pathogenic variants in
the following genes: TGFBR1 in 13, TGFBR2 in 1, SMAD3 in 3, and
TGFB2 in 4. The cohort included 21 LDS patients from 12 familial
cases. Eleven patients with LDS (55%) were not receiving medical
treatment at the moment of the CMR study, 7 (35%) were treated
with Losartan, and 2 (10%) received Atenolol. In the MFS group, 37%
of patients were under no medical treatment, and 39% and 24% were
treated with Losartan and Atenolol, respectively. None of the healthy
subjects received any antihypertensive treatment. No differences in
medical treatment were found between patients with LDS and MFS.
No differences in age, sex, weight, BSA, blood pressure, heart rate,
left-ventricular end-systolic, end-diastolic and stroke volumes, and
ejection fraction were observed between patients with LDS and
patients with MFS or HV. However, patients with MFS were taller
than patients with LDS. Compared to HYV, patients with LDS pre-
sented larger diameters at the SoV even after indexing for BSA or
computing z-scores and at proximal AAo, even after indexing for BSA
(Figure 2). Compared to patients with MFS, patients with LDS did not
present differences in aortic root z-scores or in diameters at the SoV
(Table 1) and other aortic levels, even after indexing for BSA (Figure 2).

Aortic flow dynamics

In-plane rotational flow

IRF (the in-plane projection of helical flow) at the 20 analysis planes in
each group is shown in Figure 3A. IRF in the LDS and MFS groups
showed similar behaviour, with values generally lower than HV, with
the notable exception of the very proximal AAo. Interestingly, blood
helical flow in patients with LDS and MFS transitioned from right-
handed to left-handed rotation (i.e. positive to negative values) in the

Table I Demographics in Loeys-Dietz (LDS) syndrome patients, Marfan (MFS) syndrome patients, and healthy volun-

teers (HV)
LDS (N=21) HV (N =35) MFS (N = 44) LDS vs. HV P-value LDS vs. MFS P-value

Age [years] 34 [23; 48] 34 [30; 45] 37 [28;45] 0.953 0.833
Men [N (%)] 6 (29%) 19 (54%) 6 (14%) 0.095 0.180
Weight [Kg] 65 [58; 75] 70[61;79] 63 [58;70] 0.287 0.347
Height [cm] 168 [161; 180] 170 [163; 175] 173 [169; 181] 0.627 0.022
BSA [m?] 1.80[1.61;1.89]  1.82[1.67;1.93] 1.75[1.70; 1.84] 0.461 0.900
SBP [mmHg] 117 [107; 134] 122 [110; 135] 122 [110; 139] 0.210 0.290
DBP [mmHg] 76 [71;79] 70 [60; 80] 71[60; 82] 0.111 0.457
Stroke volume [mL] 87 [70; 96] 85 [67; 94] 85 [74; 97] 0.763 0.833
LV ejection fraction [%] 63 [60; 69] 64 [59; 68] 64 [56; 68] 0.814 0.769
HR [bpm) 61[56; 73] 60 [56; 66] 61[5572] 0417 0.844
LVEDV [mL] 134 [110; 158] 134 [115; 149] 138 [125; 148] 0.858 0.243
LVESV [mL] 47 [34; 60] 51[37;59] 49 [43; 63] 0.756 0.268
SoV D [mm] 33 [31;37] 29 [26; 32] 35 [32;40] 0.001 0.332
SoV D/BSA [mm/m?] 19 [17;21] 16 [15; 18] 20[18;23] <0.001 0.351
SoV z-score 123[0.78;212]  -0.52[-0.92;0.38] 2.12[095;2.94] <0.001 0.157
Antihypertensive treatment 0.000 0.131
No treatment 11 (55%) 35 (100%) 14 (37%)

Losartan 7 (35%) 0 (0%) 15 (39%)

Atenolol 2 (10%) 0 (0%) 9 (24%)

Values are median [first; third interquartile] or n (%). P-values refer to bivariate analyses.
Bold values highlight statistically-significant (P < 0.05) associations.

BSA = body surface area, D = diameter, LVEDV and LVESV = end-diastolic and end-systolic left-ventricular volumes, respectively; HR = heart rate, SBP and DBP = systolic and

diastolic blood pressure, respectively, SoV = sinus of Valsalva.
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Figure 2 Aortic diameters. Local diameters (top) and diameters indexed by BSA (bottom) at the SoV and 20 planes located between the sinotubu-
lar junction and proximal DAo. Red lines and boxplots present data for the LDS population, blue reports HV data, and green the MFS group. Blue and
green markers represent statistically-significant differences (P < 0.05) between LDS and HV and MFS populations, respectively, on bivariate analysis.

middle of the proximal DAo, in contrast to HV in whom there was
not inversion of flow rotation direction (Figure 3A).

Median IRF values in each aortic region are shown in Table 2.
Compared to HV, patients with LDS had lower rotational flow at the
distal AAo, arch, and proximal DAo even on multivariate analysis cor-
rected for age, stroke volume, and local diameter. On the other
hand, no statistically-significant differences in IRF were found be-
tween patients with LDS and MFS on multivariate analysis corrected
for age, stroke volume, and local diameter (Table 2).

Systolic flow reversal ratio

SFRR at the 20 analysis planes and median values in each aortic region
are presented in Figure 3B and Table 3, respectively. Patients with LDS
had higher SFRR in the proximal DAo compared to both HV and
patients with MFS, even after adjustment for age and local aortic
diameter on multivariate linear regression analyses.

WSS maps

Statistically-significant differences in axial WSS were found between
patients with LDS and HV, with axial WSS being significantly lower in
the outer region of the proximal AAo and in the inner region of the
proximal DAo in patients with LDS syndrome (Figure 4A). On the

other hand, circumferential WSS was lower in LDS subjects com-
pared with HV in the inner-right region of the distal AAo, and in a
wide area in the arch and in mid-proximal DAo (Figure 4B).

Axial WSS was similar in the LDS and MFS groups (Figures 4A). In
contrast, circumferential WSS was lower in LDS compared to MFS in
the right-inner region of the AAo (Figure 4B).

Aortic mechanical properties

Ascending and DAo PWV were higher in LDS compared to HV, even
after adjustment for SoV diameter (Table 4). Conversely, no differences
in AAo and DAo PWV were found between patients with LDS and
MFS. Similarly, proximal aorta longitudinal strain was lower in LDS com-
pared to HV but similar to that in MFS, even after adjustment for age.
Of note, receiving antihypertensive treatment vs. receiving no antihy-
pertensive treatment was not found to have an independent association
with these biomechanical parameters in patients with LDS and MFS.

Discussion

This study analysed blood flow characteristics and aortic stiffness
by 4D flow and cine CMR in the thoracic aorta of adult patients
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Table 2 IRF in Loeys-Dietz (LDS), MFS patients, and HVs

Aortic region IRFLDS (N =21) IRF HV (N = 35) IRF MFS (N = 44) P-value LDS vs. HVY P-value LDS vs. MFS

Proximal AAo 556 [-12.86;545]  —2.73 [-8.92; 5.80] ~2.05 [-8.05; 10.69] 0.142 0.651
Distal AAo 6.41 [-1.09; 14.00] 14.82 [3.32; 44.80] 11.71 [3.75; 16.25] 0.002 0.152
Arch 10.96 [2.67; 19.42] 2326[13.52;51.19]  13.79 [4.89; 25.05] 0.002 0.595
Proximal Dao 0.77 [-6.80; 14.55] 16.24 [6.10; 32.31] 3.56 [-3.47; 9.65] <0.001 0.507

Values are reported as median [first; third interquartile].
P-values are for multivariate linear regression analyses adjusted for age, stroke volume, and local aortic diameter. Bold values highlight statistically-significant (P < 0.05)
associations.
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Table 3 SFRR in Loeys-Dietz (LDS), MFS, and HVs

Aortic region SFRRLDS (N=21) SFRR HV (N = 35)

Proximal AAo 6.39 [4.25; 14.15]
Distal AAo 4.36 [2.03; 9.06]
Arch 5.581[2.38;13.31]
5.64[3.20; 9.63]

532 [3.32; 9.09]
471[2.67; 10.35]
479 [2.57;10.42]

Proximal DAo 3.12[1.26; 4.63]

SFRR MFS (N = 44)

LDS vs. HV P-value LDS vs. MFS P-value

5.49 [3.14; 10.67] 0.708 0387
3.47 [2.23; 6.20] 0.650 0261
499 [1.87; 6.87] 0261 0.062
315 [2.14; 4.59] 0.024 0.015

Values are reported as median [first; third interquartile].

P-values are for multivariate linear regression analyses adjusted for age and local aortic diameter. Bold values highlight statistically-significant (P <0.05) associations.
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with LDS compared with patients with MFS and HV matched for
age, sex, BSA, and blood pressure. The main findings of this work
were that: ascending and descending aortic stiffness was greater in
LDS than in HV but similar to patients with MFS; in-plane flow ro-
tation and circumferential WSS in the distal AAo, arch
and proximal DAo of patients with LDS were lower than in HV;
and vortices in the proximal DAo of patients with LDS were
characterized by higher SFRR compared to HV and patients
with MFS.

To the best of our knowledge, this is the first study to analyse both
flow dynamics and aortic biomechanics in a cohort of patients with

LDS and compare them to patients with MFS and HV.2%3%3"

Aortic mechanical properties

Regional PWV in the ascending and DAo were higher and AAo longi-
tudinal strain was lower in patients with LDS compared to HV, there-
by suggesting that patients with LDS had increased aortic stiffness. Of
note, this increased aortic stiffness in LDS was found even in the
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Table4 Ascending (AAo) and descending (DAo) aorta PWY and proximal AAo longitudinal strain in Loeys-Dietz

(LDS), HVs, and Marfan (MFS) patients

Parameter LDS (N=21) HV (N =35) MFS (N = 44) LDS vs. HV LDS vs. MFS
P-value P-value

AAo PWV [m/s] 6.9 [5.8;84] 4.9 [3.7;6.2] 6.3[53;7.7] 0.007* 0.3707

DAo PWV [m/s] 9.0[6.9; 11.1] 6.3[5.0;7.9] 8.8 [6.8; 12.6] 0.005° 0.494°

Proximal AAo longitudinal strain [%] 123 [7.7;14.3] 15.4[11.4;16.9] 13.2[94; 16.3] 0.029° 0.182°

Values are reported as median [interquartile range].

Bold values highlight statistically-significant (P < 0.05) associations on multivariate analyses corrected for SoV diameter® or age®.

presence of relatively mild aortic root dilation [SoV z-score 1.23
(0.78; 2.12)], thus suggesting it may be an early characteristic of the
disease. A similar result had been previously observed in patients
with MFS,”""" where aortic stiffness predicted thoracic ascending
and DAo dilation™*? and aortic events.?! In our study, AAo and
DAo PWV did not differ in patients with LDS and MFS. Very limited
data are available on aortic stiffness in LDS. Indeed, in most studies,
LDS was not analysed as an independent entity, but included together
with MFS and Ehlers—Danlos syndrome patients in cohorts of individ-
uals with CTDs.2>***" Merlocco et al®' found that in children and
young adults with CTD, aortic stiffness measured by CMR progres-
sively increased with age and with rates of change only slightly higher

than the normal population. Prakash et al®®

related greater aortic
stiffness with higher rates of surgical aortic replacement and aortic

root dilation in children and young adults with CTD.

Aortic flow dynamics

In this study, patients with LDS were observed to have less right-
handed rotational flow at the distal AAo, arch and proximal DAo
compared to healthy controls. This suggests that these patients are
deficient in physiological helical flow, which is a flow organization par-
ticularly efficient in limiting energy dissipation and possibly protecting
arteries from atherosclerosis, thrombosis, and intimal hyperplasia.*®
It is worth noting that such an abnormality was also present in
patients with MFS, as previously reported.’®

In contrast to MFS and HV, patients with LDS presented higher
SFRR (systolic backward flow) in the proximal DAo. However, this
increase in SFRR was small compared to that reported in other con-
ditions such as bicuspid aortic valve disease.'***>” For example,
Rodriguez-Palomares et al."® found the SFRR at mid-AAo of patients
with bicuspid aortic valve to be around 20%. Conversely, SFRR at the
proximal DAo was 5.64% [3.20; 9.63] in LDS and 3.15 [2.14; 4.59] in
patients with MFS. Only prospective longitudinal studies may estab-
lish whether this increase in SFRR observed in the proximal DAo of
patients with LDS is clinically significant.

Regarding the interaction between flow abnormalities and stress
at the aortic wall, substantial differences in WSS were found on com-
paring LDS with HV, while discrepancies with MFS were minor. Of
note, altered WSS has been related to aortic wall disorganization and
disruption,38 and prospective studies in MFS showed that the alter-
ation in WSS in the proximal DAo tended to worsen with disease
progression.18

Comparison of LDS and MFS

No significant differences were found between LDS and MFS in terms
of AAo and DAo PWV and proximal AAo longitudinal strain, and
only limited differences were unveiled regarding aortic flow abnor-
malities, despite both groups of patients with LDS and MFS present-
ing substantial differences in aortic biomechanics and flow dynamics
compared with HV. These abnormalities—altered aortic rotational
flow and WSS and increased aortic stiffness—may represent a com-
mon expression of CTD, and may concur with studies reporting simi-
lar prognoses in patients with LDS and MFS.5® However, these
findings may be valid only for adult patients with LDS similar to those
included in the present study, with no previous aortic dissection or
aortic surgery and non-severe aortic root dilation, which might rep-
resent a subgroup of LDS with relatively mild disease severity."

Limitations
The inclusion of adults with no previous aortic surgery or dissection
resulted in a cohort of relatively mildly-affected individuals in terms
of aortic diameter and in a greater percentage of women. These char-
acteristics of the present cohort may limit the extrapolation of the
results to LDS presenting more severe affectations and may be less
robust in men than in women. However, the identification of add-
itional markers of aortic risk beyond aortic diameters might be espe-
cially useful in non-advanced stages of the disease, as it is the cohort
included in the present study. The cross-sectional nature of the study
implies the impossibility of supporting causal relationships among var-
iables, which should be addressed in future longitudinal studies.
Considering the heterogeneous genetic background of the LDS
population and the relatively low number of subjects included, it was
not possible to analyse flow dynamics and aortic biomechanics in
patients with LDS separately for each pathogenic variant or type of
medical treatment. Furthermore, although our centre is a reference
hospital for heritable thoracic aortic diseases in Spain, it was not pos-
sible to include only index cases of LDS due to the limited incidence
of the disease.

Conclusions

Greater aortic stiffness as well as impaired IRF and circumferential
WSS were present in patients with LDS compared to HVs. In con-
trast, similar aortic stiffness and overlapping aortic flow features were
found in patients with Loeys—Dietz and MFSs.
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