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ARTICLE INFO ABSTRACT

Keywords: Cardiovascular disease is widespread in girls and women living with Turner syndrome (TS). Despite this prev-
Turner syndrome alence, cardiovascular risk evaluation using the current guidelines has seen life-threatening aortic events
Aorfa . occurring at dimensions classified within the normal threshold. In this study, we characterized the three-
i;:;;}tlr;lcogy dimensional aortic geometries of Turner syndrome children and their age-matched healthy counterparts to
Hemodynamics evaluate various morphological parameters. Turner syndrome girls had overall greater values in ten out of fifteen
Cardiovascular parameters examined (p > 0.05), when compared to healthy children: the aortic arch height and width; the

ascending aorta, aortic arch (2 locations), and descending aorta diameters; the ratio of the ascending to
descending aorta diameter; average curvature; average torsion; and average curvature-torsion score. Addition-
ally, significant associations were found in the TS group: body surface area and both arch height (p = 0.03) and
arch height to width ratio (p = 0.05), and aortic arch diameter and both body surface area (p = 0.04) and weight
(p = 0.04). The new information resulting from this small cohort study contributes to an improved understanding
of the morphological parameters affecting the hemodynamic environment in TS, and the clinical assessment of

the increased cardiovascular risk in this population.

1. Introduction

Turner syndrome is a multisystemic genetic disorder, with a defi-
ciency of the second sex chromosome. Affected females (prevalence 1 in
2000 to 2500 worldwide [1,2]) have an increased predisposition for
hypertension, atherosclerosis, and obesity, and Turner syndrome itself
has been proposed as an independent risk marker for cardiovascular
disease. In fact, approximately half of TS-affected women are born with
a congenital cardiovascular defect [3-5]. Throughout the literature of
Turner syndrome children (aged 2-19 years), the most common
congenital heart defects were bicuspid aortic valve (29%), a dilated
ascending aorta (19-22%), and aortic coarctation (11%) [6,7].
Congenital abnormalities of the aorta are discussed in more detail in a
previous publication of ours [8]. Turner syndrome is associated with
substantial morbidity, and a 3-fold (standardized mortality ratio, SMR
= 3.0) higher mortality rate than the general population [9,10], with
cardiovascular disease accounting for approximately half of all deaths
[11].

Given the increased prevalence of cardiovascular disease in TS,
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clinical guidelines recommend a thorough cardiovascular examination
of the heart and aorta at diagnosis [12]. Non-invasive cardiac imaging
modalities, namely, transthoracic echocardiography (TTE), cardiovas-
cular magnetic resonance imaging (CMR), and computed tomography
(CT), are used to identify, diagnose, and monitor structural abnormal-
ities of the heart. If initial imaging is normal, then NHS guidelines
suggest this should be repeated every 5 years in children and every 10
years in adults [12]. If there is evidence of abnormalities such as
bicuspid aortic valve, coarctation of the aorta, or dilatation of the
ascending thoracic aorta, then annual imaging or follow-up imaging is
advised [13].

Despite European [14] and American [12] guidelines, the cardio-
vascular risk stratification in Turner syndrome is challenging [15]. For
example, aortic dissection (AoD), a severe cardiovascular complication
that occurs more frequently and at a younger age in Turner syndrome
patients, has been described in TS girls as young as 4 years of age [16].
Currently, the aortic size index (ASI = aortic diameter (cm)/body sur-
face area (m2)) is the primary method for estimating aortic dissection
probability in TS patients and is routinely employed for clinical and
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operative decision making. In adult women (> 18 years of age) with TS,
the proposed threshold for aortic dissection risk is an ascending ASI
greater than 2.5 cm/m? [17,18]. However, the characteristic short
stature seen in TS complicates the assessment of AoD risk as the rela-
tionship of body size to aortic dimensions is different in Turner syn-
drome compared to the general population. ASI is also age-dependent
and has been proven unreliable in younger children, with or without TS,
due to the non-constant variance associated with rapid somatic growth
[19]. In fact, ASI in the ascending aorta is often > 2.5 cm/m? in healthy
girls with TS. Other studies predict AoD risk using the ratio of ascending
to descending aortic diameter, with a value of > 1.5 indicating aortic
dilatation [20]. However, this method does not consider that the
descending aorta may be abnormal in TS females.

Cardiovascular risk assessment and prediction using the current
guidelines has seen life-threatening aortic events occurring at di-
mensions classified as normal according to conventional size criteria
[21]. This is due to a limited understanding of the pathophysiology of
cardiovascular disease in TS and unreliable markers to predict cardio-
vascular risk. In 2018, the American Heart Association released a
statement prioritizing research into the characterization of aortic
enlargement, aneurysm, and dissection in TS. Prior to this statement,
other authors had identified the importance of fully characterizing the
cardiovascular anatomy in TS patients [6]. Therefore, in this study we
aim to characterize the three-dimensional aortae of Turner syndrome,
and healthy age-matched children, to improve our understanding of
cardiovascular disease in this population.

2. Materials and methods
2.1. Patient cohorts

Ethical approval was obtained for a retrospective review of patients
attending the pediatric Turner syndrome clinic at the Royal Hospital for
Children, Queen Elizabeth University Hospital, Glasgow, UK. To be
considered for this study, the patient had to have karyotypically proven
Turner syndrome and retrospective cardiac imaging data obtained
before the age of 18 years. Eight patients (n = 8, 14.3 + 2.1 years, mean
+ standard deviation) were identified that met the criteria (Table 1).
Patient-specific volumetric image and geometrical data from four (n =
4) gender- and age-matched (12.5 + 5.8 years, mean + standard

Table 1

Healthy and Turner syndrome baseline characteristics. Data shown as mean +
standard deviation. Hypertension was defined as systolic blood pressure > 95th
% for patient age and height. BMI category defined as normal weight (0 — 85th
percentile), overweight (86th — 95th percentile), and obese ( > 95th percentile).

Healthy (n = 4) Turner syndrome (n = 8)

Age (years) 125+ 5.8 143+ 2.1

Height (cm) 146* 1424 + 5.1

Weight (kg) 40.1* 54.2 + 20.7

BSA (m?) 1.2* 1.4+ 0.2

BMI 19* 26.5+ 9.1

BMI category

- Normal weight 4 (100%) 4 (50.0%) [TS3, TS5, TS6, TS8]
- Overweight 0 (0.0%) 1 (12.5%) [TS1]

- Obese 0 (0.0%) 3 (37.5%) [TS2, TS4, TS7]

SBP (mmHg) - 115+ 15

DBP (mmHg) — 66 + 13

Hypertensive 0 (0.0%) 2 (25.0%) [TS4, TS8]

Aortic abnormality

- Bicuspid aortic valve 0 (0.0%) 4 (50.0%) [TS1, TS6, TS7, TS8]
- Dilatation 0 (0.0%) 2 (25.0%) [TS1, TS8]

- Coarctation 0 (0.0%) 1 (12.5%) [TS3]

- Elongated arch 0 (0.0%) 2 (25.0%) [TS2, TS7]

- Gothic arch 0 (0.0%) 1 (12.5%) [TS5]

- Unconventional branching 0 (0.0%) 2 (25.0%) [TS4, TS7]1

" Information available for one healthy patient only from the Vascular Model Re-
pository (www.vascularmodel.com).
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deviation) females was purchased from the Vascular Model Repository
(www.vascularmodel.com). These models had no aortic abnormalities,
and although BMI and blood pressure information was not provided, it is
expected that these were within the normal range of a healthy child.

2.2. Image acquisition and geometry segmentation

Retrospective, anonymous, cardiac imaging data was obtained from
each of the Turner syndrome girls outlined in Section 2.1. All cardiac
imaging was performed between 2014-2018 on either a 1.5 Tesla
diagnostic magnetic resonance imaging (MRI) scanner (MAGNATOM
Aera/Avanto, Siemens Healthcare, GmbH), or a diagnostic revolution
computed tomography (CT) scanner (GE Healthcare).

Image segmentation of the aorta was performed using the semi-
automatic active contour-based algorithm implemented in ITK-SNAP.
The aortic geometries were reconstructed such that only the ascending
aorta (from above the location of the aortic root), aortic arch,
descending aorta (to the end of the thoracic aorta), and the supra-aortic
branches (brachiocephalic, left common carotid, and left and right
subclavian branches) were kept. The output from the automated seg-
mentation was visually inspected slice by slice and any artifacts were
corrected with the manual segmentation tool within ITK-SNAP. This
same methodology has been applied previously to segment aortic ge-
ometries from cardiac imaging data [22,23]. After segmentation, the
surface models (stereolithography (STL) file-format) were smoothed in
Autodesk Meshmixer (www.meshmixer.org) to remove surface artefacts
prior to geometric analysis.

2.3. Morphometric analysis

Morphometric analysis was performed for all aortic geometries
within the Vascular Modelling Toolkit (VMTK) (www.vmtk.org) soft-
ware [24], an open-source collection of tools and libraries intended for
geometric analysis of blood vessels. VMTK has previously been used to
characterize geometrical changes in longitudinal studies of adults with
Turner syndrome [25] and abdominal aortic aneurysms [26].

In VMTK, the centreline is automatically extracted in the form of a
set of discrete points in space between the source and target point(s) —
see Piccinelli et al. (2009) for further information [27]. In the case of the
aorta, the centreline was computed from the ascending aorta (the source
point) to the descending aorta (target point) (Fig. 1A). Before any
analysis can be performed, the centreline coordinate data requires
processing to remove any spurious values which may have been present
as an artefact of voxel size or the segmentation process. Current ap-
proaches include the inbuilt VMTK centreline smoothing tool which
applies a moving average filter and was implemented in Turner syn-
drome aortae by Subramaniam et al. [25], or the fitting of splines,
specifically regression splines, which was implemented in this study,
and that of Gallo et al. [23].

2.3.1. Morphological parameters

Morphometric analysis was performed for the full aortic geometry,
and for anatomical subregions defined in the following paragraph
(Fig. 1), in VMTK unless otherwise stated. First, the Euclidean distances,
defined as the distance between the centreline and lumen wall, were
computed. The Euclidean distance is useful in that it provides visual
information on the dimensional (circumferential and axial) variation
within and between patients. Previous studies have also employed this
variable to visualize aortic growth in Turner syndrome women [25] and
patients with small abdominal aortic aneurysms [26]. Single values
were then computed for two- and three-dimensional parameters: vessel
volume (V), surface area (SA), centreline length (1), arch height (Hgrcn),
arch width (Wgyp), and the subsequent ratio of height to width
(Hareh/Waren) (Fig. 1). Arch width was defined as the distance between
the two centrelines in the ascending and descending aorta, at the cranial
edge of the pulmonary artery, and height as the distance between the
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Morphological parameters

DescAo

Volume: V

Surface area: A

Centerline length: [

Arch height, width, and height to width ratio:
H arch» Warch’ H arch/ Warch

Shape index (ratio of min and max D): SI

Regional diameters: Dggc, Diranss> Disths Paesc

Diameter ratios:
Dasc/Ddesc, Dtrans/DdeSCa Disth/Ddesc

Curvature and torsion: k, T

Combined curvature score: CC

Tortuosity: T

Fig. 1. Morphometric parameters exemplified (A, B) and listed (C) for the three-dimensional aorta of TS1. (A) Model centreline shown with regional points Dgsc, Dpca,
Dyransy Disth, and Dgesc as described in the text. (B) MRI slice showing the location of the arch width (Wj.cn) and height (Hare,) measurements, taken relative to the

cranial edge of the pulmonary artery. (C) List of full morphological parameters.

imaginary line Wg,., and the peak centreline point in the arch (Fig. 1B).
Arch height and width are often computed in morphological studies of
the aorta [28-30]. The height-to-width ratio is a parameter to charac-
terize abnormal angulation and tortuosity of the arch. Finally, vessel
curvature (k) and torsion (t) were calculated, which at a given point on
the centreline are the inverse of the radius of the osculating circle and
the local deviation from the osculating plane, respectively. In other
words, curvature measures the deviation of the centreline from an
imaginary straight line, while torsion measures how sharp the centreline
twists in 3D space [27,31].

_ €6 xCE)l Fq. 1
[C)P o
- LCocch) 0.2

C(s)x C(s)

where C is the centreline curve and s the curvilinear abscissa, while C’
and C”’ indicate the first and second derivatives of the curve with respect
to the curvilinear abscissa. Both parameters are of interest considering
their influence on the hemodynamics in the vasculature [32-35]. A third
parameter which accounts for both curvature and torsion simulta-
neously is the combined curvature score (CC) proposed by O’Flynn [36]:

CC= i+ 12

(Eq. 3)

Computation of the vessel curvature, torsion, and combined curva-
ture score is performed for every point along the centreline length;
therefore, results were presented as minimum, maximum, and mean
values. In addition, vessel tortuosity (T) defined as the ratio between
centreline length (I) and the Euclidean distance between endpoints (d)
was given as a single value for each geometry:

[

T=--1

p (Eq. 4)

For a more detailed, regional, analysis, the centreline length was
divided at five locations relative to the individual model inlet diameter
(Djnter) and local landmarks (Fig. 1A). These were: in the ascending aorta,
midway between the inlet and the aortic arch (Dg); at the entrance to
the aortic arch, proximal to the origin of the brachiocephalic branch
(Dpcq); in the transverse arch, midway between the left common carotid
and left subclavian branches (Dyqys); at the aortic isthmus, distal to the
left subclavian branch (Dju); and in the descending aorta, one inlet
diameter downstream from the left subclavian branch (Dges). The
ascending aorta (AscAo) was defined as the region between the model
inlet and Dy, the arch as the region between Ry, and Riun, and the
descending aorta (DescAo) as the region from R, to the model end. The
average and maximum values for diameter, curvature, torsion, and the
combined curvature score were compared at each of these three regions.
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2.3.2. Statistical analysis

Statistical analysis (Table 2) was performed on the morphometric
parameters using OriginPro (version 2021b, OriginLab Corporation,
USA) and Minitab Express (version 1.5.3, Minitab Inc, USA) software. To
test for differences between the healthy and Turner syndrome groups,
the univariate Mann-Whitney non-parametric U test was applied with
the Significance level set at p < 0.05 [23]. For the Turner syndrome
group only (due to a lack of data for the healthy girls), Pearson’s cor-
relation analysis was performed with the measured geometric parame-
ters indexed to both body mass index (BMI) and body surface area (BSA).

3. Results

The complete set (n = 12) of in-scale three-dimensional aortic ge-
ometries is presented in Fig. 2A. As expected, and true for all geometries,
the aortic diameter was greatest in the ascending aorta region and
smallest at the aortic branches. The ascending aortic diameter was
profoundly greater than the remainder of the aorta in TS1, TS6 and TS8.
Note that TS1 and TS8 were diagnosed with aortic dilatation as per their
clinical notes (Table 1). The maximum diameters seen within the
healthy group ranged from 14.82 — 22.62 mm, whereas in the TS group
these ranged from 17.72 — 32.56 mm (see supplementary material).
When plotted along the centreline length it was clear the healthy group
(Fig. 2B, H1-H4) displayed less variation in aortic diameter than the
Turner syndrome group (Fig. 2C, TS1-TS8). Among the healthy group,
the largest variation in aortic diameter was seen in H2 (Dp;,=15.00 mm
and Dp=22.62 mm), compared to an average variation of 6.97 + 0.93
mm (n = 4, mean + standard deviation). Meanwhile in the TS group, the
largest variation was seen in TS1 (Dmin, = 12.72 mm and Dpgy = 32.56
mm), compared to an average variation of 10.27 + 4.67 mm (n=8, mean
+ standard deviation).

Local curvature and torsion profiles highlight the non-uniformity

Table 2

Comparison of clinical and morphometric parameters averaged over the healthy
(n = 4) and Turner syndrome groups (n = 8). Data presented as mean + stan-
dard deviation. The Mann-Whitney U test was performed to determine if the
values for each parameter were significantly different (significance values of *p
< 0.10 and **p < 0.05) between the healthy and Turner syndrome groups.
Note, there was not enough data available to perform this analysis for height or
weight.

Healthy (n = Turner syndrome (n Mann-Whitney U
4) =38) test
P value
Age (years) 125+ 5.8 14.25 + 2.12 0.31
Height (cm) 146.00 142.41 + 5.08 -
Weight (kg) 40.10 54.21 £ 20.71 -
SBP (mmHg) 102 + 2 115+ 15 0.12
DBP (mmHg) 58 + 3 66 + 13 0.18
Volume (mm®) 37,457 + 59,725 + 15,737 0.05 **
17,023
Surface area 11,207 + 14,100 £ 2,134 0.28
(mm?) 4,253
1 (mm) 185.40 + 197.45 £ 20.59 0.57
39.48
Hgren (mm) 20.85 + 5.10 21.31 £ 11.02 0.57
Weren (mm) 38.88 + 6.44 4213+ 9.70 0.37
Harch/Warch 0.54 + 0.10 0.49 £ 0.20 0.39
Dgsc (mm) 18.54 + 3.21 23.18 £ 4.94 0.15
Dirgns (mm) 16.18 + 4.12 16.60 + 1.77 0.79
Dign (mm) 15.19 + 4.03 15.56 + 1.55 0.93
Dgese (mm) 14.24 + 3.50 15.70 + 1.62 0.68
Dasc/desc 1.32+ 0.14 1.47 + 0.24 0.21
Dirans/dese 1.14 + 0.11 0.91 + 0.38 0.15
Disthydesc 1.06 + 0.05 0.99 + 0.10 0.15
SI (Drmin/Dimax) 0.63 + 0.03 0.58 + 0.10 0.20
Kmean (mm™1) 0.02 + 0.01 0.03 + 0.00 0.07 *
Trmean (mm 1) —0.01 £ 0.01 0.02 + 0.09 0.93
CCrnean (mm~1) 0.31 + 0.19 0.47 £ 0.05 0.21
T 1.04 + 0.37 0.79 + 0.20 0.35
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and non-planarity of the aortic geometries. From Fig. 3A, peak curva-
ture values (0.05 to 0.1 mm~! depending on the individual) were clearly
concentrated in the ascending aorta and arch regions, distal to the aortic
valve. For all geometries, low curvature values (< 0.05 mmfl) were
found in the descending aorta (Fig. 3A). Inversely, there appeared to be
less measured torsion (z ~ 0) in the proximal aorta (Fig. 3B). This was
especially true for the healthy girls (H1-H4). Peak minimum (0 to —2
mm~ 1) and maximum (0 to 2 mm ') torsion was predominantly visu-
alized along the length of the descending aorta. The curvature and tor-
sion data were then plotted along the centreline length for each
individual (Fig. 4). For all individuals (healthy and Turner syndrome),
peak curvature values occurred within 100 mm of the aortic valve, and
torsion magnitude was greatest in the descending aorta. While there was
no visible difference in curvature between the two groups, torsion values
were marginally greater in the healthy group, but much more varied in
the Turner syndrome group.

To directly compare the healthy and Turner syndrome data pre-
sented in Figs. 2-4, the diameter, curvature, torsion, and centreline
length were non-dimensionalised. Aortic diameter was normalized with
respect to the individual patient-specific inlet diameter, and centreline
length, curvature, and torsion were normalized with respect to the
maximum values. The average plus standard deviation was plotted for
each group for the respective parameters: normalized diameter
(Fig. 5A), curvature, (Fig. 5B), and torsion (Fig. 5C). Fig. 5A revealed a
greater average normalized diameter among the healthy group, for all
points along the centreline length. In other words, the average diameter
throughout the aortic length was closer in value to the model inlet
diameter for the healthy group. The difference between the two groups
was most apparent in the ascending aorta and arch regions (normalized
centreline length = 0.2 — 0.4) and least apparent in the descending aorta
(normalized centreline length > 0.6). The variation around the group
average (i.e., the standard deviation represented by the shaded region)
was far greater among the Turner syndrome group, indicating larger
variances in aortic diameter between each girl. The average normalized
curvature presented in Fig. 5B shows a similar pattern for both patient
groups: gradually increasing curvature directly distal to the aortic root
(Fig. 5B, normalized centreline length: 0 — 0.1), followed by fluctuating
higher curvature in the ascending aorta and arch (Fig. 5B, normalized
centreline length: 0.1 - 0.4), and fluctuating lower curvature in the
descending aorta (Fig. 5B, normalized centreline length = 0.4 -1). The
normalized curvature was greater, on average, for the TS girls in the
ascending and descending aorta, but not in the aortic arch. Fig. 5C
presents the average pattern of normalized torsion, which was defined
by small fluctuations around the zero value in the proximal aorta, and
larger fluctuations in the distal descending aorta, for both patient
groups. The average normalized torsion along the centreline length was
predominantly greater for the healthy group, albeit both groups reached
similar peak values for average torsion.

Statistical analysis was performed on three morphometric parame-
ters known to influence hemodynamics, these being aortic diameter,
curvature, and torsion (Fig. 6). Specifically, the average and maximum
diameter (Fig. 6A, 6E), curvature (Fig. 6B, 6F), torsion (Fig. 6C, 6G), and
the combined curvature torsion score (Fig. 6D, 6H), at three regions
along the aorta, and along the full centreline length, were presented for
both the healthy and TS groups (see supplementary material for the raw
values). Median average (Fig. 6A) and maximum (Fig. 6E) diameter
were greater in the TS group along the entire centreline length, and for
each individual region. Almost all (5-95% as indicated by plot whiskers)
of the healthy diameters were within approximately 5 mm s of the
median value (Fig. 6A, E), unlike in the TS group where variability of
diameter values was clearly greater (in Fig. 6A the ascending aorta and
in Fig. 6E the ascending aorta, aortic arch, and the full model). Median
average curvature (Fig. 6B) values were comparable between both
groups at the ascending and descending aorta, and the full model. At the
aortic arch region, median average curvature was marginally greater in
the healthy group (Fig. 6B: 0.05 vs 0.045 1/mm). In the plot of
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Fig. 2. (A) Colourmap distributions of the aortic radius and (B-C) line plots of the aortic diameter for the geometries of (H1-H4) healthy and (TS1-TS8) Turner
syndrome (TS) girls. Geometries in (A) are shown in scale (anterior view). All values are in millimetres.

maximum curvature (Fig. 6F), the median values were distinctly greater
for the healthy group at all regions investigated except for the ascending
aorta where the difference was only marginal. For both groups, the
average and maximum curvature was greatest in the aortic arch. Both
average and maximum values for torsion (Fig. 6C, 6G) were greater for
the healthy group at all regions considered with the exception of the
average torsion in the ascending aorta (Fig. 6C). For both groups, the
greatest torsion was seen in the descending aortic region (Fig. 6G). The
distribution of combined curvature-torsion (CC) score followed a similar
pattern for the average (Fig. 6D) and maximum results (Fig. 6H). That is,
for the healthy group, the average and maximum CC values were greater
at all regions considered. This difference was more pronounced in the
descending region and for the full model, and less in the aortic arch and
ascending aorta. The CC score results (Fig. 6D, H) were dominated by
the respective torsion (Fig. 6C, G) values, which were substantially
higher than the respective curvature values (Fig. 6B, F).

The parameters of interest (Fig. 1C) were averaged over the healthy
(n = 4) and Turner syndrome groups (n = 8) and presented as the mean
+ standard deviation in Table 2. The Mann-Whitney U test was then
performed to determine if the values for both the healthy and Turner
syndrome groups were statistically different (p < 0.05) (Table 2). Global
parameters, these being the centreline length (1), arch height (Hgp), and
arch width (Wgp), were greater in the Turner syndrome girls, but not
significantly different (Table 2, p = 0.37-0.57) from the healthy group.
The ratio of arch height to arch width (Hgcp/Werch) Was greater in the
healthy group, but not significantly different from the TS result (Table 2,
p = 0.39). Further analysis was performed on the regional diameters
(Dase: Dirans, Disth and Dgesc) and the ratio of these diameters to the
descending aorta (Dgsc/descs Dirans/descs Disthydesc) (Table 2). At all four

regions, the Turner syndrome group had the greatest diameter, with the
greatest difference between the two groups seen in the ascending aorta
(Table 2, Dgsc = 23.18 vs 18.54 mm). However, this difference was not
statistically significant (Table 2, p = 0.15), nor was it for the other
regional diameters (Dygns, Dish and Dgese: p = 0.68-0.93). When the
regional diameters were indexed to the descending diameter, Dgsc/desc
was greater (p = 0.21) in the TS group but Dyqns/desc and Digth/desc Were
lower (p = 0.15). This was unsurprising as the TS group featured cases
(Table 1) of ascending aortic dilatation, which would result in a higher
Dasc/desc Tatio, and aortic coarctation, resulting in a lower Degns/desc and
Disth/desc ratio. The same was true for the shape index (SI), the ratio of
minimum to maximum diameter, where the larger diameters seen in the
TS group resulted in a smaller SI value. Again, the statistical difference
between the healthy and TS groups was not significant (p = 0.20).
Finally, statistical analysis revealed that mean curvature (0.03 vs 0.02
mm’l) and torsion magnitude Tyeqn (0.02 vs —0.01 mrn’l) were greater
in the Turner syndrome group, while tortuosity 7 was lower (0.79 vs
1.04 mm’l). The mean curvature-torsion score CCpeqn Was also greater
in the TS group (0.47 vs 0.31 mm’l), which was expected as cumulative
torsion was the dominant contributor. The healthy and TS values for
kmean Were significantly different (p = 0.07) while for Teqn, CCrean and T
there was no significant difference between the two groups (Table 2).
Further statistical analysis quantified the correlation between the
investigated morphological parameters (Fig. 1) and clinical parameters
such as body mass index, body surface area, weight, and systolic blood
pressure (Table 3). This investigation was performed for the Turner
syndrome group only due to a lack of data for the healthy group. When
indexed to BMI, no statistically significant correlations were found.
However, the result for Dgq,s (the diameter at the location of the
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Fig. 3. Anterior view of the (A) curvature and (B) torsion for the geometries of the (H1-H4) healthy and (TS1-TS8) Turner syndrome girls. Geometries are in scale.

All values are in millimetres ™.
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transverse arch, midway between the left common carotid and left 0.04 respectively (Table 3). Similarly, a significant correlation was
subclavian) was very close with p = 0.06 (Table 3). When indexed to found between Dyqys and weight (p = 0.04). No significant correlations
BSA, three parameters produced statistically significant correlations. were found between systolic blood pressure and the investigated pa-

These were Hgrch, Harch/ Warch and Dyqns With p values of 0.03, 0.05 and rameters (Table 3).
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4. Discussion

In girls and women with Turner syndrome, congenital cardiovascular
defects and acquired cardiovascular disease is common. As a result, the
morphology of the ascending aorta, aortic arch, and descending aorta
can be highly variable from patient to patient, in addition to varying
incidences of dilatation, coarctation, non-uniformity, and non-planarity.
Hemodynamic factors have been linked to the initiation and develop-
ment of cardiovascular disease for decades, and the relationship be-
tween anatomical and hemodynamic factors is well known [37-41]. In
this study, 3D models of the aortic arch were reconstructed from patient
cardiac data, and morphometric parameters, defined by anatomical
landmarks, were analysed to quantitatively define the
three-dimensional morphology in a patient group with categorically
abnormal aortic morphologies. This study complements a previous study
[22] on the same patients which utilized computational fluid dynamic
methods commonly used to analyse blood flow behaviour [42-44].

4.1. Clinical significance

Dimensional differences were observed both within the TS group and

between the TS and healthy girls. The Euclidean distance maps (Fig. 2A)
provided information on the variation in vessel radius, and highlighted
areas with the greatest asymmetry. At all locations, Turner syndrome
diameter was greater than respective healthy diameters (Fig. 6A,E and
Table 2), which reflected the findings of similar studies on Turner syn-
drome children and adults [25,45]. The enlarged aortic diameters seen
in this group may be due to the intrinsic abnormality of the intimal layer
in the vascular wall, which is also observed in other genetic disorders
(such as Marfan and Loeys-Dietz syndrome) where it is proven to lead to
progressive dilation of the ascending aorta [46,47]. Identifying and/or
diagnosing aortic dilatation in TS females is an important clinical step as
it has been significantly associated with hypertension, even when age
and BMI are accounted for [48]. Additionally, a similar link between
ascending aorta dilatation and hypertension has been reported in
disease-free individuals [49]. Two of the eight TS girls included in this
study were clinically diagnosed with aortic dilatation (Table 1: TS1 and
TS8). Of these two girls, only one (TS8) was also classed as hypertensive
(138/88 mmHg). While TS1 did not have high blood pressure (116/75
mmHg), the severity of ascending aorta dilatation (even in comparison
with other TS girls) may require prophylactic medical therapies earlier
than what has been recommended for other conditions [12].
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Table 3

Univariate regression of Turner syndrome parameters and body mass index
(BMI), body surface area (BSA), weight, and systolic blood pressure (SBP).
Significance values of *p < 0.10 and **p < 0.05.

Indexed with Indexed with  Indexed with Indexed with

BMI BSA weight SBP

P-value P-value P-yalue P-yalue
Volume (mm®)  0.83 0.98 0.92 1.00
Surface area 0.28 0.39 0.32 0.97

(mm?)

[ (mm) 0.92 0.72 0.90 0.43
Hyrep (mm) 0.11 0.03 ** 0.07 * 0.53
Waren (mm) 0.20 0.15 0.16 0.27
Hearen/Warch 0.13 0.05 ** 0.11 0.66
Dgge (mm) 0.69 0.66 0.69 0.51
Dyrans (mm) 0.06 * 0.04 ** 0.04 ** 0.31
Djp (mm) 0.18 0.31 0.24 0.84
Dgesc (mm) 0.52 0.75 0.64 0.88
Dasc/desc 0.89 0.69 0.81 0.32
Dirans/desc 0.47 0.59 0.51 0.34
Disth/desc 0.57 0.53 0.54 0.75
SI (Drin/Dmax) 0.81 0.70 0.78 0.68
Kmean (mm ™) 0.56 0.50 0.52 0.76
Trmean (mm 1) 0.95 0.88 0.98 0.57
CCrean (mm™1) 0.67 0.77 0.68 0.60
T 0.50 0.31 0.43 0.69

Interestingly, while TS4 was not diagnosed with aortic dilatation, this
girl had the third largest ascending aorta diameter (Fig. 2A, C), a BMI of
47.4 and a systolic blood pressure of 136 mmHg (hypertensive). Aortic
dilatation is also known to have an influence on flow rate, arterial
resistance, and the presence of helical flow, especially in the ascending
aorta [50]. The link between dilatation and disturbed blood flow was
shown in our previous computational fluid dynamic study [22] which
included some of the patient geometries presented here. Specifically, we
observed highly disturbed flow with low velocity values in the dilated
ascending aorta of TS1 along with low time-averaged wall shear stress at
the proximal ascending aortic wall [22]. Furthermore, the degree of
aortic dilatation and aortic growth rate are known to be risk factors for
aortic dissection in similar genetic disorders such as the Marfan syn-
drome. Although it is uncertain whether the TS patients in this study
would be more at risk for aortic dissection, patients with a high BMI
(TS1, TS2, TS4 and TS7) and/or hypertension (TS4 and TS8) should
probably be screened even if they do not meet the aortic size index
criteria indicating a risk of dissection. Based on these risk factors, five of
the eight Turner syndrome patients presented in this study would be
flagged for dissection risk. When accounting for the common presence of
bicuspid aortic valve in cases of TS dissection, TS6 would also be
included in this higher-risk category [12,17].

4.2. Comparison with previous studies

Aortic arch morphology has been investigated in previous TS studies
[48,51,52], where a significant association between either aortic arch
morphology and hypertension [48], or abnormal arch morphology and
blood pressure [51,53], have been reported. In this study, we quantified
arch morphology according to aortic arch height, width, and the cor-
responding ratio, which is common in anatomical studies of the aorta
[28-30]. Aortic arch height, width, and the ratio between the two
(Hgarch/ Waren) have been identified by several authors to influence pulse
pressure and pulse wave velocity (PWV) in the aortic arch. Redheuil
et al. [29] reported the significant relationship between increased arch
width (Wgrcn), which we also saw in the TS group (Table 2) and increased
PWV. Ou et al. [54] reported a similar positive relationship between an
increased Hgrch/Warch (reminder: a higher Hgycp,/ Werch ratio is defined by
a gothic shaped arch and increased central aortic stiffness, as well as
enhanced systolic wave reflection. Both increased central aortic stiffness
and enhanced systolic wave reflection are well-known contributors to
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the development of hypertension [55,56].The average ratio of aortic
arch height to width was greater for the healthy group (0.54 + 0.1) than
the TS group (0.49 + 0.2), however the maximum value across all in-
dividuals was seen in TS5 (Hgrch/Warch = 0.92). This was due to the
abnormal angulation associated with a gothic shaped arch in TS5.

In this study, curvature and torsion averaged over the entire aortic
centreline were greater in the TS group (Table 2). Subramaniam et al.
[25], reported similar trends in their study measuring aortic dimensions
in Turner syndrome adults. When looking at each region individually,
median curvature values in the ascending and descending regions were
greater in the TS group, meanwhile median curvature values in the arch
were higher in the healthy group (Fig. 6B). The normalized curvature
data followed a similar trend (Fig. 5B). On the other hand, median
torsion values in the ascending aorta were greater in the TS group, and in
the aortic arch and descending aorta, higher in the healthy group
(Fig. 6C). While there does not appear to be any specific studies on aortic
curvature and/or torsion in Turner syndrome, conclusions can be drawn
from studies on patients with a similar genetic disorder, Marfan syn-
drome. Like Turner syndrome, Marfan syndrome (MS) is genetic disor-
der in which abnormal connective tissue composition predisposes the
individual to aortic complications. A study by Poullis et al. [57] on
Marfan syndrome patients, reported that aortic curvature had major
effects on the forces exerted on the aortic wall. In fact, they suggested
that aortic curvature was relatively more important that aortic diameter,
blood pressure, cardiac output, and patient size with regard to the force
acting on the aortic wall [57]. Given the predisposition of atheroscle-
rotic lesions along the inner wall of curved segments, and the impor-
tance that flow-induced wall shear stress plays in the localization of
atherogenesis [58-64], aortic curvature could be an important param-
eter to consider in risk stratification of Turner syndrome girls and
women.

4.3. Limitations

There are some limitations present in this study. Firstly, we recognize
that the sample size of 12 patients (4 healthy and 8 TS) included in this
study is relatively small and it is likely that we did not account for the
full range of morphological variability seen in the TS population.
However, despite our small sample size, each TS aorta had some form of
aortic abnormality, and we are therefore confident that the group of 8 TS
girls provided a good representation of the population. Also, we can still
extract some statistically significant results even if the group was small.
Secondly, due to a lack of healthy clinical details with regards to height,
weight, BMI, BSA, and blood pressure, unfortunately comparisons be-
tween the two groups could not be made for these parameters using the
Mann-Whitney U test.

5. Conclusions and future work

In conclusion, we performed morphometric analysis of the aorta and
supra-aortic branches in both healthy and Turner syndrome girls. Turner
Syndrome is a rare disease, with a deficiency of the second sex chro-
mosome. Because of this rarity, the studies currently available in the
literature are limited. Thus, any new study that confirms and extends
our current knowledge, providing further additional information is
important in the clinical assessment of this patient population which
uniquely presents very distinct aortic geometries. Our aim in this work
was to identify differences between the healthy and TS groups, and to
understand the clinical implications of morphologically abnormal aortic
geometries. Turner syndrome girls had overall greater values in ten out
of fifteen parameters examined (although not statistically significant, p
> 0.05), when compared to an age- and sex-matched healthy group, that
is: the aortic arch height and width; the ascending aorta, aortic arch (2
locations), and descending aorta diameters; the ratio of the ascending to
descending aorta diameter; average curvature; average torsion; and
average curvature-torsion score. These parameters may explain the
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abnormal hemodynamics seen in Turner syndrome patients, namely
vortical flow, flow separation, and flow disturbances, when compared to
anatomically normal aortae, as shown in our previous study [22]. In
addition, in the TS group a significant association between clinical (body
surface area and weight) and morphological parameters (arch diameter,
arch height and arch height-width ratio) was found. This small study
lays out a framework that could be used for future machine learning
algorithms to distinguish the TS aortas at risk for aortic dissection in
large TS populations. Clinically, an improved understanding of the
morphological parameters contributing to changes in the hemodynamic
environment enhances our understanding of the increased risk of car-
diovascular disease in this population. In the future, this area of research
will need further studies with a larger cohort of patients and a broader
age range.
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