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BACKGROUND: Cervical arterial tortuosity is associated with adverse outcomes in Loeys-Dietz syndrome and other heritable
aortopathies.

METHODS AND RESULTS: A method to assess tortuosity based on curvature of the vessel centerline in 3-dimensional space
was developed. We measured cervical carotid tortuosity in 65 patients with Loeys-Dietz syndrome from baseline computed
tomography angiogram/magnetic resonance angiogram and all serial images during follow-up. Relations between baseline
carotid tortuosity, age, aortic root diameter, and its change over time were compared. Patients with unoperated aortic roots
were assessed for clinical end point (type A aortic dissection or aortic root surgery during 4 years of follow-up). Logistic regres-
sion was performed to assess the likelihood of clinical end point according to baseline carotid tortuosity. Total absolute cur-
vature at baseline was 11.13+5.76 and was relatively unchanged at 8 to 10years (fold change: 0.026+0.298, P=1.00), whereas
tortuosity index at baseline was 0.262+0.131, with greater variability at 8 to 10years (fold change: 0.302+0.656, P=0.818).
Baseline total absolute curvature correlated with aortic root diameter (r=0.456, P=0.004) and was independently associated
with aortic events during the 4-year follow-up (adjusted odds ratio [OR], 2.64 [95% ClI, 1.02-6.85]). Baseline tortuosity index
correlated with age (~=0.532, P<0.001) and was not associated with events (adjusted OR, 1.88 [95% ClI, 0.79-4.51]). Finally,
baseline total absolute curvature had good discrimination of 4-year outcomes (area under the curve=0.724, P=0.014), which
may be prognostic or predictive.

CONCLUSIONS: Here we introduce cervical carotid tortuosity as a promising quantitative biomarker with validated, standardized
characteristics. Specifically, we recommend the adoption of a curvature-based measure, total absolute curvature, for early
detection or monitoring of disease progression in Loeys-Dietz syndrome.
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features in heritable aortopathies like Loeys-

Dietz syndrome (LDS) and Marfan syndrome.’
Aortic size, routinely monitored in clinical practice, is
one of the strongest predictors of ascending (type A)
aortic dissection risk in both LDS and Marfan syn-
drome. However, a notable distinction exists; the as-
sociated risks of aortic dissection and rupture manifest

Arterial tortuosity and aneurysms are distinctive

at a younger age and smaller aortic diameters in LDS
than in Marfan syndrome.?=* This divergence sets LDS
clinically apart, often leading to a more aggressive
vascular disease. Consequently, consideration for pro-
phylactic aortic root surgery in LDS occurs earlier, po-
tentially at diameters above 40 to 45mm, reflecting the
heightened risk associated with this connective tissue
disorder.5~"
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CLINICAL PERSPECTIVE
What Is New?

In this retrospective cohort study of patients
with Loeys-Dietz syndrome, we validate cervical
carotid tortuosity as a marker for risk assess-
ment in heritable aortopathies.

e We demonstrate for the first time that total ab-
solute curvature is a reliable biomarker, fixed
during young adulthood and relatively stable
over 10years.

e Baseline total absolute curvature was predic-
tive of aortic events during the 4-year follow-
up (odds ratio [OR], 2.58 [95% CI, 1.12-5.94];
P=0.026) and remained significant after adjust-
ment (OR, 2.64 [95% CI, 1.02-6.85]; P=0.046).
Baseline tortuosity index was associated with
aortic events during the 4-year follow-up (OR,
2.15 [95% Cl, 1.04—-4.41]; P=0.037) in univariate
analysis, but not after adjustment for confound-
ers (OR, 1.88 [95% ClI, 0.79-4.51]; P=0.157).

What Are the Clinical Implications?

e Application of this curvature-based analysis can
be readily extended to centerline programs ac-
cessible to clinicians working with computed
tomography/magnetic resonance imaging, of-
fering a rapid and minimally invasive method
for disease progression surveillance in patients
with Loeys-Dietz syndrome.

e We specifically recommend the adoption of a
curvature-based measure total absolute cur-
vature, which is robust to confounders, as op-
posed to the conventional tortuosity index.

e The novelty is that the temporal association
we find between total absolute curvature and
outcomes related to Loeys-Dietz syndrome
progression is independent of age and aging-
related cardiovascular risk factors.

Nonstandard Abbreviations and Acronyms

ATI aortic tortuosity index
CTA computed tomography angiogram
LDS Loeys-Dietz syndrome

RMS root mean square
TAC total absolute curvature
TI tortuosity index

Studies have demonstrated an association between
vertebral or carotid arterial tortuosity and adverse aortic
events in patients with heritable connective tissue dis-
orders, including LDS, Marfan syndrome, and vascular
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Ehlers-Danlos syndrome.®='° Increased tortuosity in
these cases correlated with a higher likelihood of aortic
dissection, rupture, and the need for surgical interven-
tion at an earlier age.®'° However, the interpretation of
these findings is limited by their use of tortuosity mea-
surements obtained from surveillance imaging after the
occurrence of associated risks like aortic dissection and
early surgical intervention. Consequently, a significant
gap in using arterial tortuosity as a marker of disease
severity lies in the absence of a temporal relation be-
tween the measured outcomes, hindering the establish-
ment of a clear cause-and-effect relationship.

The primary aim of this study was to investigate the
association of carotid arterial tortuosity with severity
of aortic phenotype in patients with LDS. Hereto, we
(1) investigated the applicability and reliability of ca-
rotid arterial tortuosity as a biomarker in patients with
LDS by using precise mathematical measures; (2) cor-
related carotid tortuosity with age, hypertension, and
aortic disease status (prior aortic root surgery or type
A aortic dissection) at baseline; and (3) compared ca-
rotid tortuosity among LDS subgroups based on gen-
otypes. Secondary aims were to assess the predictive
value of carotid tortuosity during follow-up on aortic
root dilatation and first-time adverse aortic event (pro-
phylactic aortic root surgery, type A aortic dissection).
To measure tortuosity, we use curvature, which is an
indicator of local inflection of a curve in 3-dimensional
(8D) space. For curvature calculation, the fast marching
method for vascular centerline computation and defin-
ing the Frenet-Serret and parallel transport frames for
the resultant spatial curve are robust choices and most
widely used."'3 Starting with a baseline magnetic res-
onance angiogram (MRA) or computed tomography
angiogram (CTA) of the neck, we assessed for time-
dependent increases in cervical carotid tortuosity over
10years of follow-up. We then correlated baseline ca-
rotid tortuosity with aortic root dilatation and associ-
ated adverse outcomes in 4 years of follow-up.

We hypothesized that increased total absolute
curvature, a mathematically accurate definition of tor-
tuosity in 3D space, of the cervical carotid artery is
associated with a more severe aortic phenotype and
predicts aortic disease progression in patients with
LDS.

METHODS

Study Population and Follow-Up
Outcomes

This is a single-institution retrospective cohort study
of patients with LDS identified from subjects enrolled
in a longitudinal study from the Marfan Syndrome
and Aortopathy Center at the Barnes-Jewish Hospital
and Washington University School of Medicine. The
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diagnosis of LDS was established based on character-
istic clinical findings in the proband and family members,
and identification of a pathogenic or likely pathogenic
variant in TGFBR1, TGFBR2, SMAD3, TGFB2, or TGFB3
genes. Figure 1 summarizes the study design. All pa-
tients between 14 and 75years of age with a con-
firmed diagnosis of LDS by genetic testing and clinical
phenotyping who were seen at the Marfan Syndrome
and Aortopathy Clinic between 2010 and 2022 were
assessed for eligibility (total 105 patients)."* Patients
were included if they had at least 1 MRA or CTA that
included the total cervical carotid arteries that was avail-
able in our system. Only patients with a minimum of 2
serial CTA/MRA studies of the neck were included in
the time series analysis. Angiographic exclusion criteria
were poor image quality, inadequate contrast enhance-
ment, incomplete cervical vessel imaging, or any follow-
up scans taken <1year from baseline. For patients with
multiple neck angiograms, the first available CTA/MRA
was designated as the baseline. Only patients with a
complete, comprehensive 2-dimensional and Doppler
echocardiography and a baseline neck CTA/MRA pre-
ceding the echocardiogram were included in the cor-
relation analysis. Aortic root size was measured at the
sinuses of the Valsalva using leading edge to leading
edge measurements as recommended by the American
Society of Echocardiography.’® Echocardiographic

Carotid Tortuosity in Loeys-Dietz Syndrome

exclusion criteria were measurements performed after
an aortic root replacement for aneurysm or type A aortic
dissection. For patients with multiple echocardiograms,
the latest echocardiogram was designated as the end
point measurement. The study was approved by the in-
stitutional review board at the Washington University in
St. Louis. The need for informed consent was waived
due to the retrospective nature of the studly.

Demographics, comorbidities, serial cardiovascular
imaging (echocardiography and MRA/CTA studies),
follow-up, and surgical data were then extracted from
the electronic medical record. The primary outcomes
were baseline carotid tortuosity at the time of first
MRA/CTA, change in carotid tortuosity at the time of
serial MBA/CTAs obtained during follow-up, maximum
unoperated aortic root diameter at the time of serial
echocardiograms obtained during follow-up, and the
incidence of aortic event(s) (type A aortic dissection or
prophylactic aortic root replacement) during follow-up.
The primary end point was any first-time aortic event
during 4 years of follow-up. Three measures of carotid
tortuosity were computed using established mathe-
matical formulas based on vessel path and point-wise
curvature in the 3D space. Change in carotid tortuosity
was expressed as a fold change from baseline ([final—
initial]/initial). Data are available on reasonable request
from the corresponding author.

Patients enrolled 2010-2022 from the
Marfan Syndrome and Aortopathy Clinic
were assessed for eligibility (N=105)

Excluded patients:
Genetic variant of unknown sig (n=5)

No baseline neck CTA/MRA available (n=35)

[

Time series
analysis

Excluded patients:
No follow-up neck CTA/MRA after 1 yr (n=25)
Poor image quality or contrast (n=2)
Incomplete imaging of cervical vessels (n=2)

Images included
57 CTA, 27 MRA

Correlation
analysis

Excluded patients:

Non-native or dissected aortic root at initial
evaluation (n=17)

Poor image quality or contrast (n=2)

No baseline neck CTA/MRA preceding TTE
(n=8)

Images included
26 CTA, 12 MRA

Included in the full analysis
(N=36)

Included in the full analysis
(N=38)

Figure 1.

Flowchart of included patients with Loeys-Dietz syndrome.

CTA, computed tomography angiography; MRA, magnetic resonance angiography; TTE, transthoracic echocardiogram; and Sig,

significant.
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Image Preprocessing

Due to our inclusion of both magnetic resonance
(MR)- and computed tomography (CT)-based im-
ages, data preprocessing was necessary to en-
sure that imaging features were calculated using the
same specifications. Complete thin-layer CT images
were isotropically spaced to a common voxel spac-
ing of 0.500x0.500x0.500mm and approximately
0.900%x0.900x0.900mm for MR images. All of the raw
data were resampled using a linear interpolator to con-
struct new data points within the range of a discrete
set of known data points (ie, based on the smallest
spacing from the original image). Images were then
converted to vti format and processed via the Vascular
Modeling Toolkit software (http://www.vmtk.org/) for
3D manual segmentation.

Vessel Segmentation, 3D Reconstruction,
and Geometric Analysis

Vessel segmentation, surface model generation, cen-
terline computation, and geometric analysis follow
Antiga et al.'® Briefly, image segmentation was per-
formed using implicit deformable models and the level
sets method, a technique used to track the tempo-
ral evolution of the 3D embedding under image- and
shape-based forces. The right and left extracranial ca-
rotid arteries were manually segmented starting with
the major branches at the bifurcation off the brachio-
cephalic artery and the aortic arch, respectively, and
terminating at the internal carotid artery petrous (C2)
segment, defined by the inferior surface of the temporal
bone at the external opening of the carotid canal (also
referred to as the carotid foramen). After segmentation,
the O-level set surface was extracted using the march-
ing cubes algorithm to generate a triangulated surface of
the segmented vessels. Surfaces were smoothed using
a nonshrinking Taubin filter and subdivided using a loop
subdivision scheme to obtain a high-order representa-
tion of the surface. Centerlines were computed based
on the method of solving the eikonal equation from a
seed point on the Voronoi diagram domain, where each
centerline point is associated with a maximal inscribed
sphere that is tangent to the vessel wall at discrete lo-
cations to produce a canal surface, or tube, defined by
the interpolation of maximal inscribed spheres along
the centerline. Centerlines were resampled at intervals
of 0.25 mm with a smoothing factor of 0.5 and 100 itera-
tions. Point-wise curvature, torsion, maximum inscribed
sphere radii, and corresponding coordinates in the xyz-
space were extracted for each centerline.

Tortuosity Measures

All measures of tortuosity are 3D and based on a ge-
ometric representation of the vessel centerline curve
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(Figure 2A). Vessel length and 3 quantitative measures
of tortuosity were computed for each cervical carotid
artery over the length of the vessel (Figure 2B through
2D). The total length was determined by the centerline
path of the 3D segmented vessel, which starts at the
origin of the common carotid artery and terminates at
the C2 segment of the internal carotid artery. Vessel
length was estimated by summing the Euclidean dis-
tance between consecutive data points along the entire
range of the curve. The formula for total length of the
vessel, applied to a set of closely spaced data points (i,
i+1, ..., n) with 3D coordinates (x, y, 2), is given by:

L= \/(Xi+1 %)+ Vi1 =¥1)" + (241 -21)

where L represents the total length of the vessel in 3D
space, n is the total number of data points representing
segments along the curve, (x;, y;, z) represents the coor-
dinates of the /th data point in 3D space, (Xi114 Yiy1 Zisd
represents the coordinates of the (i+1)th data point in 3D
space, and Zlf’: denotes the summation over all data
points from i=1 to n—1.

Tortuosity index (Tl) was calculated by dividing the
total length of the vessel path (L) by the shortest dis-
tance between vessel centerline path endpoints (D).
The formula for Tl, applied to a set of data points (j, i+1,
..., n=1, n) with 3D coordinates (x, y, 2), is given by:

7 \/(Xi+1 —X/)2 + (Vi1 —y,-)2 + (Zi41 _Zi)2
\/(Xn _Xi)2 + (¥ _yi)Z + (25 _Z/)2

where L, (x;, y; z), and 27‘1 are previously defined, TI
represents the tortuosity index of the vessel consider-
ing the path of the vessel in 3D space, D represents the
Euclidean distance between the jith data point and the
nth data point in 3D space, and (x,, y,, Z,) represents the
coordinates of the nth data point in 3D space.

Total absolute curvature (TAC) was calculated using
the Simpson rule to approximate the integral of curva-
ture over the entire range of data points. The formula
for the Simpson rule, applied to a set of equally spaced
data points (x;) with corresponding function values
(k (), is given by:

T==-1= -1

ol

Jb 0= S [i(x0) + 4 5712 k) + 2 502k (1) + ()|
where a and b are the lower and upper limits of integra-
tion, respectively, n is the number of intervals between
data points (or data points—1), x; represents the ith data
point, x(x;) represents the curvature value at the ith
data point, and /\ x is the spacing between data points
(Ax=(b—a)/n).
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Figure 2. Visual depiction of the tortuosity measures as derived from 3-dimensional surface models.

The upper panel features photos of a representative cervical carotid artery using the Vascular Modeling Toolkit. A, Visual depiction of
point-wise curvature along the vessel centerline path (or curve). Curvature at any point along the curve indicates the rate of change of
curve direction over a small distance moved along the curve. Intuitively, it is a measure of how much the curve is turning. At a given point,
the curvature is the inverse of the radius of the osculating circle that locally approximates the curve. The larger the curvature, the smaller
the radius of the circle, the sharper the turn of the curve. B, The tortuosity index is the ratio of the length of the vessel centerline (L) to
the Euclidean distance between its end points (D). C, Plot of curvature over vessel centerline path length (or arc length from origin). Total
absolute curvature was calculated by approximating the integral of curvature over all closely spaced points on the curve. D, Plot of squared
curvature over vessel centerline path length (or arc length from origin). RMS curvature was calculated by approximating the integral of
squared curvature over all closely spaced points on the curve and normalized by vessel length (L). x=curvature. S=a fixed point on the
curve. ICA indicates internal carotid artery; CCA, common carotid artery; and RMS, root mean square.

Root mean square (RMS) curvature provides a number of data points or segments along the curve. The
measure of the overall smoothness or roughness cur- maximum cervical carotid artery Tl, TAC, and RMS cur-
vature of a curve while Considering both the magnitude vature at the time of initial CT/MR |mag|ng for each pa-
and variation of curvature values. RMS curvature was  tignt was designated the baseline carotid tortuosity.
calculated using the following formula:

Statistical Analysis

Continuous variables were reported as a mean+SD or
median and interquartile range (IQR). Categorical vari-
where k (x;) is previously defined, KRms is the root mean  ables were reported as frequencies and percentages.
square curvature of a curve, Z_, denotes the summation ~ Normality was assessed using the Shapiro-Wilk test.
over all data points from /=1 to n, and n is the total Homoscedasticity was assessed using the F test or the

KRrms =
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nonparametric Levene test where appropriate. Linear re-
gression analysis and the Pearson correlation coefficient
() were used to correlate carotid tortuosity with maximum
aortic root diameter and age. The means of 2 different
groups were compared with the Student t test or nonpar-
ametric Mann-Whitney U test where appropriate. Means
of >3 groups were compared using the 1-way ANOVA
test followed by post hoc Tukey honest significant differ-
ence (HSD) test for pair-wise group comparisons where
appropriate. Multivariate logistic regression analysis with
and without confounders was performed to identify in-
dependent predictors of the clinical end point. In the un-
adjusted model, carotid tortuosity (Tl or TAC) is the only
predictor; in the adjusted models, the presence of TGFBR1
or TGFBR2 mutation (yes/no), age (years), or hypertension
(yes/no) are also included. Variable selection was prespec-
ified using clinically significant variables and evaluated for
significance at a=0.10. Model selection was based on the
probability of the log-likelihood ratio with predetermined
a=0.05 and McFadden pseudo-R2>0.20 to confirm good-
ness of fit. A 2-sided significance level of P<0.05 was used
for each statistical test. All analyses were performed with
Python version 3.11.5 in a Jupyter notebook.

RESULTS

Baseline Characteristics

Of the 105 patients with a diagnosis of LDS, 65 patients
were included in the current study (Figure 1). Baseline
characteristics are summarized in Table 1. The mean
age was 40«17 years, and 54% were women. At the

Table 1. Baseline Patient Characteristics

Carotid Tortuosity in Loeys-Dietz Syndrome

time of baseline imaging, 17 (26%) patients had a
known history of hypertension, 16 (25%) patients had
undergone prophylactic aortic root replacement, and
10 (15%) patients had a prior Stanford type A aortic
dissection. Mean baseline carotid tortuosity in the total
cohort was 0.262+0.131 for Tl, 11.13+5.76 for TAC, and
0.212+0.188 for RMS curvature. Patients with a history
of prior aortic event(s) had a significantly higher base-
line TI compared with patients with unoperated aor-
tic roots (0.346+0.267 versus 0.195+0.164; P=0.007).
Patients with a history of prior aortic event(s) had a
significantly higher baseline TAC compared with pa-
tients with unoperated aortic roots (15.85+6.31 versus
10.73+5.59; P=0.002).

Time Series Analysis

Serial cervical vessel imaging was available in 36 pa-
tients for a total of 84 angiographic images (57 CT, 27
MR) (Figure 1). Median age at the time of baseline cer-
vical vessel imaging was 35years (IQR, 24-42years).
Follow-up data are summarized in Table 2. A moving
average filter with a 24-month time window was applied
to create data grouped into discrete time points over
10vyears of follow-up data (Figure 3). We performed 1-
way ANOVA to compare the effect of time on change
in carotid tortuosity at consecutive 24-month intervals
starting from baseline (see Data S1). Mean fold change
in Tl at 4 to 6years was 0.272+0.849 (P=0.696) and
at 8 to 10years was 0.302+0.656 (P=0.818). Mean
fold change in TAC at 4 to 6years was 0.045+0.231
(P=0.975) and at 8 to 10years was 0.026+0.298

Characteristic Variable Mean=SD or N (%)
Demographics Age, y 40417
Women 35 (54%)
Height, cm 17412
BMI, kg/m? 25.3+7.3
Pathologic mutation TGFBR1 18 (28%)
TGFBR2 20 (31%)
SMAD3 1 (17%)
TGFB2 1 (17%)
TGFB3 5 (7%)
Comorbidities Hypertension 17 (26%)
Aortic root replacement 16 (25%)
Type A aortic dissection 10 (15%)
Type B aortic dissection 3 (56%)
Cervical carotid tortuosity Vessel length, mm 206.6+42.4
Tortuosity index 0.262+0.131
Total absolute curvature 11.13+5.76
RMS curvature 0.212+0.188

BMI indicates body mass index; and RMS, root mean square.

J Am Heart Assoc. 2024;13:e035171. DOI: 10.1161/JAHA.124.035171
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Table 2. Serial CTA/MRA Studies and Tortuosity Outcomes During Follow-Up

Characteristic Variable Median [IQR] or mean+SD Fold change from baseline
Follow-up Duration of follow-up, mo 54 [34-83]
Total no. of serial CTA/MRA studies 2 [2-3]
Cervical carotid tortuosity 4-6y from baseline (n=24)
Tortuosity index 0.252+0.163 0.272+0.849
Total absolute curvature 11.83+4.76 0.045+0.231
RMS curvature 0.079+0.029 0.010+0.155
8-10y from baseline (n=10)
Tortuosity index 0.164+0.118 0.302+0.656
Total absolute curvature 10.20+4.55 0.026+0.298
RMS curvature 0.074+0.034 —-0.030+0.336

CTA indicates computed tomography angiography; IQR, interquartile range; MRA: magnetic resonance angiography; and RMS, root mean square.

(P=1.000). There were no significant differences be-
tween the means of change in Tl, TAC, or RMS cur-
vature for any pair of different 24-month intervals of
time over 10years of follow-up (Tables S1 through S3,
respectively). These data validate the use of patient-
specific carotid tortuosity values designated as base-
line in the correlation analysis. Moreover, the tight error
bars for changes in TAC and changes in RMS cur-
vature at each time point (depicted in Figure 3B and
3C, respectively), in contrast to the wide variance in
changes in Tl (depicted in Figure 3A), suggest the more
appropriate use of curvature-based measures of tortu-
osity as a reliable quantitative marker.

Correlation Analysis

Unoperated aortic root diameters were available in
38 patients (Figure 1), of whom 13 subsequently ex-
perienced an aortic event (11 prophylactic aortic root
replacement, 3 type A aortic dissection). Median follow-
up time from baseline to latest echocardiogram was 36
months (IQR, 11-64 months). Median maximum aortic
root diameter was 3.9cm (IQR, 3.5-4.3cm). Baseline
TAC was significantly associated with maximum un-
operated aortic root diameter (=0.456, P=0.004);
baseline Tl was significantly associated with maximum
unoperated aortic root diameter (r=0.342, P=0.0306),
although to a lesser degree. To account for confound-
ing factors, the relationship between carotid tortuosity
and age was also analyzed. Baseline TAC was signifi-
cantly associated with age (r=0.370, P=0.019); base-
line TI was significantly associated with age (-=0.532,
P<0.001) with a greater degree of correlation. Detailed
linear regression and correlation analyses are provided
in Figure 4. Patients who developed an aortic event
during follow-up had a significantly higher baseline
TAC compared with nonevent patients (11.01+5.63
versus 8.63+4.86; P=0.049). The difference in base-
line Tl between patients who developed an aortic event

J Am Heart Assoc. 2024;13:e035171. DOI: 10.1161/JAHA.124.035171

and nonevent patients was not statistically significant
(0.192+0.146 versus 0.142+0.137; P=0.132).

We performed logistic regression analyses for
baseline carotid tortuosity (Tl or TAC) with and with-
out adjustment for potential confounders and the bi-
nary end point of aortic event within 4years during
follow-up. This analysis included patients with at least
1 neck CTA/MRA, considered to be the baseline, with
a minimum 4 years of follow-up. We analyzed the end
point of any aortic event (type A aortic dissection or
prophylactic aortic root replacement) during 4 years of
follow-up. Patients with a nonnative or dissected aortic
root at the time of baseline angiogram were excluded
from the data, and only data obtained at the time of
baseline angiogram were used as variables. The pre-
dictor of main interest in this analysis is our curvature-
based measure of carotid tortuosity (TAC), and the
model was adjusted for the presence of hypertension
(yes/no), age (years), and the presence of a TGFBR1 or
TGFBRZ2 mutation (yes/no).

Of the 40 patients analyzed for clinical end point, 11
patients (28%) developed an aortic event during 4 years
of follow-up and a total of 15 patients (38%) during the
entire follow-up. The odds ratio (OR) of an aortic event
occurring within 4years for a 1-SD increment in base-
line TAC was 2.58 (95% Cl, 1.12-5.94; P=0.026) in uni-
variate analysis and after adjustment was 2.64 (95%
Cl, 1.02-6.85; P=0.046). The discrepancy between
adjusted and unadjusted estimates is <38%, indicating
that there is little confounding of the effect of TAC as
a result of the other covariates in the adjusted model.
The effects of age, hypertension, and TGFBR1/2 are
not larger than could be due to chance in these data
(P>0.05). The OR of an aortic event occurring within
4years for a 1-SD increment in baseline Tl was 215
(95% CI, 1.04-4.41; P=0.037) in univariate analysis
and after adjustment was 1.88 (95% ClI, 0.79-4.51;
P=0.157). Age, hypertension, and TGFBR1/2 mutation
were nonsignificant predictors but had a confounding
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Figure 3. Change in tortuosity from baseline over 10years of follow-up.

Primary data were processed with a 24-month moving average filter. The data points represent the mean for each 24-month window
of the x axis, and error bars represent the standard deviation. The blue line tracks a cumulative sum throughout the different 24-month
windows of the x axis, from baseline to 120months. Data points represent the following number of patients: 0 to 24 months, N=12; 24
to 48 months, N=10; 48 to 72months, N=24; 72 to 96 months, N=10; 96 to 120months, N=10. A, Tortuosity index. B, Total absolute
curvature. C, RMS curvature. RMS indicates root mean square; and SD, standard deviation.

effect on Tl in the adjusted model. Detailed univariable
and multivariable ORs are listed in Table 3.

On receiver operating curve analysis, both the base-
line TI (area under the curve=0.737; P=0.029) and the
baseline TAC (area under the curve=0.724; P=0.014)
were good discriminators of patients who developed
an aortic event during 4years of follow-up (Figure 5A
and 5B, respectively). However, TAC was the only in-
dependent predictor of aortic events identified in mul-
tivariate analyses and also demonstrated robustness
against confounders. Altogether, these results suggest
that the effects of Tl are likely due to its correlation with
TAC, based on the mathematical definition of tortuos-
ity in 3D space, rather than being a direct measure of
arterial tortuosity.

DISCUSSION

The objective of our work was 2-fold: (1) to investigate
the temporal relationship between cervical carotid tor-
tuosity and outcomes related to disease progression
and (2) to validate a curvature-based marker of cervi-
cal carotid tortuosity for risk stratification in patients
with LDS.

The current study provides evidence of a meaning-
ful temporal link between carotid tortuosity and ag-
gressive aortic disease in inherited aortopathies. We
found that baseline carotid tortuosity was predictive
of subsequent aortic root dilatation and associated
adverse outcomes (type A aortic dissection or pro-
phylactic aortic root replacement) during 4years of
follow-up. We also demonstrated that carotid tortuos-
ity, on average, is relatively stable over 10years of fol-
low-up in a cohort of pediatric and adult patients with
LDS. Our curvature-based measure, TAC in particular,
correlates strongly with aortic outcomes and was ro-
bust to confounders including age, hypertension, and
TGFBR1/2 mutation. Altogether, our results suggest
that increased cervical carotid artery tortuosity, which
appears to be fixed in quantity, may be a marker of
advanced disease progression in LDS.

A critical barrier to using arterial tortuosity as a
marker for severe disease in LDS and other herita-
ble aortopathies is the lack of a clear causal or direct
correlative relationship. Specifically, there are 2 limita-
tions due to confounding factors: age and time. Prior
studies assessing arterial tortuosity as a marker for
adverse outcomes have circumvented the first poten-
tial confounding factor by limiting their data to ages

J Am Heart Assoc. 2024;13:e035171. DOI: 10.1161/JAHA.124.035171

<50vyears,'° based on evidence that arterial tortuos-
ity has less discrimination in older subjects due to the
natural development of tortuosity with aging. Morris
et al found an association between increased verte-
bral tortuosity index and the end point of cardiac sur-
gery before 10years of age in patients with heritable
connective tissue disorders,® mostly Marfan syndrome
and LDS. Stephens et al developed a height-adjusted
vertebral tortuosity index and found an association
between height-adjusted vertebral tortuosity index
and the occurrence of a cardiovascular event before
30years of age (area under the curve=0.71)."° In muilti-
variate analysis, they found that older age was the only
factor associated with increased cardiovascular event
rate, whereas height-adjusted vertebral tortuosity index
was not; however, height-adjusted vertebral tortuosity
index was associated with events among those with
high-risk variants <40years of age, suggesting effect
modification by genotype and age.”® It also suggests
that the effect of height is only significant in patients
<40years of age. These inconsistent findings may, in
part, be related to the use of Tl as a measure of arterial
tortuosity.

The lack of an accurate and standardized assess-
ment of tortuosity may be another barrier to the use
of arterial tortuosity as a marker. We demonstrate that
Tl, a widely used but less accurate measure of arterial
tortuosity, does not consistently correlate with aortic
outcomes when controlling for time elapsed between
measurement and clinical end point (ie, using a base-
line measure of carotid tortuosity taken 4years before
outcomes analysis). For example, patients with a his-
tory of prior aortic dissection or surgery at baseline
had a significantly greater TI compared with nonevent
patients (0.346+0.267 versus 0.195+0.164; P=0.007).
However, when comparing mean baseline Tl in pa-
tients with unoperated aortic roots, there was no sig-
nificant difference between patients who developed
an aortic event within 4 years compared with nonevent
patients (0.192+0.146 versus 0.142+0.137; P=0.132).
By comparison, mean baseline TAC was significantly
higher in patients with a prior aortic event compared
with nonevent patients (15.85+6.31 versus 10.73+5.59;
P=0.002) and also in patients who developed an aortic
event within 4years compared with nonevent patients
(11.01+5.63 versus 8.63+4.86; P=0.049). Moreover, the
association of Tl with the occurrence of aortic events
was not significant after adjustment for clinically signif-
icant confounders.
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Figure 4. Baseline tortuosity in relation to maximum unoperated aortic root diameter (A through C) and age (D through F).
Data represent N=40 patients in each plot. A, Maximum unoperated aortic root diameter vs tortuosity index. B, Maximum unoperated
aortic root diameter vs total absolute curvature. C, Maximum unoperated aortic root diameter vs RMS curvature. D, Age vs tortuosity
index. E, Age vs total absolute curvature. F, Age vs RMS curvature. RMS indicates root mean square.

Tortuosity of the carotid artery, a medium-sized
elastic artery, may reflect an underlying arteriopathy
and 1 manifestation of a generalized disease process
in heritable connective tissue disorders. In a retrospec-
tive study of patients with Marfan syndrome, Franken

J Am Heart Assoc. 2024;13:e035171. DOI: 10.1161/JAHA.124.035171

et al reported similar findings using tortuosity of the
aorta, a large-sized elastic artery, and found strong
associations between baseline aortic tortuosity index
(ATl) and aortic dilatation rate and the occurrence
of aortic events (type B aortic dissection or aortic
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Table 3. Tortuosity Variables and Odds Ratios for Adverse Aortic Events 4 Years From Baseline

Unadjusted Adjusted
Logistic
regression model Predictor OR 95% ClI P value Predictor OR 95% ClI P value
1 Tortuosity index 215 1.04-4.41 0.037 Tortuosity index (1 SD) 1.88 0.79-4.51 0.1567
(1 D) TGFBR1 or TGFBR2 159 0.70-3.63 0.270
Age (1y) 1.25 0.51-3.07 0.624
Hypertension 1.04 0.49-2.20 0.917
2 Total absolute 2.58 1.12-5.94 0.026 Total absolute curvature 2.64 1.02-6.85 0.046
curvature (1 SD) (1 8D)
TGFBR1/TGFBR2 1.91 0.77-4.73 0.163
Age (1y) 1.22 0.51-2.99 0.648
Hypertension 1.03 0.49-2.17 0.934

1 8D for tortuosity index=0.157; 1 SD for total absolute curvature=5.33. OR indicates odds ratio.

surgery) during 3years of follow-up.'® Multivariate anal-
ysis identified ATl and aortic root diameter as the only
independent predictors for aortic events, whereas ATI
had the largest discriminating power for aortic dissec-
tion alone.'® The effects of ATl were found to be inde-
pendent of sex, age, body surface area, aortic volume,
and losartan use,'® suggesting that ATl was also robust
against clinically significant confounders and poten-
tially a stable marker in Marfan syndrome.

Cervical carotid tortuosity, using a curvature-based
measure, may be a biomarker for more severe dis-
ease phenotype in LDS, irrespective of age and por-
tending disease progression for years in advance.
Although cervical carotid tortuosity is known to in-
crease with older age and is classically associated with
hypertension-induced vascular structural changes,'” it
did not change significantly over 10years of follow-up
in our patients with LDS. Carotid tortuosity may also
serve as an indicator of disease severity for years fol-
lowing the occurrence of an adverse event, evidenced

by our finding of increased carotid TAC in patients with
a history of aortic events at baseline compared with
the patients with an unoperated aortic root (15.85+6.31
versus 10.73+£5.59; P=0.002). Although the current
study is neither designed nor powered a priori for risk
stratification, we observed a trend toward stratified lev-
els of carotid tortuosity based on the onset of first aor-
tic event, the highest TAC in patients with a prior history
of aortic event (15.85+6.31), followed by patients who
had their first aortic event in the subsequent 4years
(11.01+5.63), and then lowest TAC in patients who re-
mained event-free during the study period (8.63+4.86).

We acknowledge that our study has limitations.
First, the small sample size limits the number of vari-
ates that can be included in regression analyses.
With our N=40 patients eligible for logistic regres-
sion, we are limited to 2 to 4 variables. Strategic se-
lection of covariates based on prior knowledge and
published data on arterial tortuosity, especially for
medium-sized arteries in heritable connective tissue
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Figure 5. Receiver operating curves using baseline carotid tortuosity to predict the occurrence of adverse aortic event

within 4years.

Data represent N=40 patients in each plot. A. Tortuosity index. B, Total absolute curvature. AUC indicates area under the curve;

FPR, false positive rate; and TPR, true positive rate.
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disorders, helped to discriminate potential confound-
ing factors in our analysis. Second, the use of sur-
vival analysis methods to account for varying length
of follow-up may be an appropriate assessment of the
time-to-event data. Future studies may benefit from
developing models that account for the presence of
disease-causing variants in the TGFBR1 or TGFBR2
gene, which are known to manifest clinically as more
aggressive aortic diseases with increased arterial tor-
tuosity,'®® and perhaps also in TGFB3, which is re-
ported to have less aggressive arteriopathy than other
LDS variants,?®?! to better elucidate the effect of LDS
genetic variant on severity of aortic phenotype (or as a
confounder in the effect of carotid tortuosity). Finally,
pooling data from longitudinal studies to compare the
relationships between carotid tortuosity and the se-
verity of aortopathies for various inherited connective
disorders may help to identify robust markers for risk
stratification.

CONCLUSIONS

Here we introduce cervical carotid tortuosity as a
promising quantitative biomarker with validated,
standardized characteristics. Increased carotid
tortuosity is associated with a more severe aortic
phenotype in patients with LDS and predicts aortic
disease progression during follow-up. Specifically,
we recommend the adoption of a curvature-based
measure TAC, which is reliable (less inherent variabil-
ity) and precise (less prone to measurement errors),
for early detection or monitoring of disease progres-
sion in LDS. TI, by definition, varies greatly depend-
ing on the selection of end points and is difficult to
standardize between vascular anatomy where the
bifurcation or origin and terminus are not fixed. The
application of this curvature-based analysis can be
readily extended to centerline programs accessible
to clinicians working with CT/MR imaging. Calculating
the 3D point-wise curvature from a set of centerline
points (using the Frenet-Serret formulas) involves few
steps. First, obtain centerline points representing the
path of interest. This can be achieved by extracting
centerline points from medical imaging data (MR
imaging or CT scans) via workspace software. For
each point on the centerline, calculate the tangent
vector, the normal vector, and the binormal vector.
These steps can be implemented in Python using li-
braries like NumPy for vector operations and SciPy
for interpolation to help you efficiently compute the
curvature from centerline points. Once you have
the tangent, normal, and binormal vectors for each
point, curvature can be calculated using the Frenet-
Serret formulas, and TAC can be calculated using our
curvature-based analysis.
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