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BACKGROUND: Arterial tortuosity is associated with adverse events in Marfan and Loeys-Dietz syndromes but remains under-
studied in Vascular Ehlers-Danlos syndrome.

METHODS AND RESULTS: Subjects with a pathogenic COL3AT variant diagnosed at age <60years were included from 2 institu-
tions and the GenTAC Registry (National Registry of Genetically Triggered Thoracic Aortic Aneurysms and Cardiovascular
Conditions). Height-adjusted vertebral artery tortuosity index (VTI-h) using magnetic resonance or computed tomography an-
giography was calculated. Associations between VTI-h and outcomes of (1) cardiovascular events (arterial dissection/rupture,
aneurysm requiring intervention, stroke), or (2) hollow organ collapse/rupture at age <50years were evaluated using receiver
operator curve analysis (using outcome by age 30years) and mixed-effects Poisson regression for incidence rate ratios. Of 65
subjects (54% male), median VTI-h was 12 (interquartile range, 8—16). Variants were missense in 46%, splice site in 31%, and
null/gene deletion in 14%. Thirty-two subjects (49%) had 59 events, including 28 dissections, 5 arterial ruptures, 4 aneurysms
requiring intervention, 4 strokes, 11 hollow organ ruptures, and 7 pneumothoraces. Receiver operator curve analysis sug-
gested optimal discrimination at VTI-h >15.5 for cardiovascular events (sensitivity 70%, specificity 76%) and no association
with noncardiovascular events (area under the curve, 0.49 [95% ClI, 0.22-0.78]). By multivariable analysis, older age was as-
sociated with increased cardiovascular event rate while VTI-h >15.5 was not (incidence rate ratios, 1.79 [95% Cl, 0.76-4.24],
P=0.185). However, VTI-h >15.5 was associated with events among those with high-risk variants <40years (incidence rate
ratios, 4.14 [95% ClI, 1.13-15.10], P=0.032), suggesting effect modification by genotype and age.

CONCLUSIONS: Increased arterial tortuosity is associated with a higher incidence rate of cardiovascular events in Vascular
Ehlers-Danlos syndrome. Vertebral tortuosity index may be a useful biomarker for prognosis when evaluated in conjunction
with genotype and age.
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CLINICAL PERSPECTIVE
What Is New?

e Findings suggest that longitudinal imaging sur-
veillance with vertebral tortuosity measurement
for risk stratification can benefit children and
adults with Vascular Ehlers-Danlos syndrome.

What Are the Clinical Implications?

e Risk associated with increased arterial tortuos-
ity may be modified by the COL3AT genotype,
regardless of age, with patients harboring a mis-
sense or splice site variant and height-adjusted
vertebral tortuosity index >15.5 having 4.1 times
the rate of cardiovascular events compared
with those with a null variant and same height-
adjusted vertebral tortuosity index range.

Nonstandard Abbreviations and Acronyms

CTA computed tomography angiogram

GenTAC National Registry of Genetically
Triggered Thoracic Aortic Aneurysms
and Cardiovascular Conditions

IRR incidence rate ratio
KM Kaplan—-Meier
TCH Texas Children’s Hospital

VEDS Vascular Ehlers-Danlos syndrome

VTI vertebral tortuosity index

VTI-h height-adjusted vertebral tortuosity
index

hereditary disorder associated with spontaneous

arterial dissection and rupture attributable to
pathogenic variants in the COL3AT gene, which en-
codes the chains of type lll collagen.! With a reported
median life expectancy of 48years and arterial rupture
frequently occurring even in the absence of prior symp-
toms or aneurysm, VEDS is a high-risk connective tis-
sue disorder, although the severity of disease is highly
variable."® The true prevalence of VEDS is estimated
to be =1 in 50000, which is much less common than
Marfan syndrome with a reported prevalence between
1in 5000 to 1 in 10000.%

Given the rarity of the condition and its variable pre-
sentation, risk stratification has been challenging. The
primary variable that has been shown to be associated
with earlier events is the nature of the COL3AT variant.
For example, bulky substitutions for a glycine residue in
the repeated Gly-X-Y triplet of the triple helical domain
or splice site variants that result in exon skipping are

Vascular Ehlers-Danlos syndrome (VEDS) is a rare
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associated with early clinical manifestations of disease
compared with haploinsufficient variants.®~ Variants
in COL3AT variants resulting in haploinsufficiency of
COL3A1T typically have a later presentation and on
average longer survival.>~ However, even within fam-
ilies, severity and age at first event are highly variable,
demonstrating that additional risk stratification tools are
needed beyond genotype.8 Understanding an individ-
ual’s risk could improve management, including med-
ical and surgical therapy, timing and type of imaging,
and potential for guidance for lifestyle modifications.

Arterial tortuosity is a biomarker that has been as-
sociated with adverse health outcomes in patients with
other connective tissue disorders, including Marfan
syndrome and Loeys-Dietz syndrome, where in-
creased tortuosity is associated with younger age at
surgical intervention, aortic dissection, and death.®-?
Increased arterial tortuosity has also been associated
with arterial events in nonsyndromic populations.'3
However, the clinical utility of tortuosity in patients with
VEDS has not been evaluated. Further investigations in
this high-risk population will improve clinical manage-
ment and surveillance strategies in VEDS.

In this study, we evaluated the association between
arterial tortuosity and cardiovascular or extracardiac
events in children and adults with VEDS. Specifically,
we hypothesized that increased height-adjusted verte-
bral tortuosity index (VTI-h) would be associated with
a higher incidence of life-threatening events compared
with those with lower VTI-h.

METHODS
Study Population

Subjects with VEDS from 4 longitudinal cohorts were
included: (1) subjects prospectively enrolled in a lon-
gitudinal study of VEDS in the pediatric and young
adult population at Texas Children’s Hospital (TCH),
(2) patients clinically evaluated and followed at TCH
not enrolled in the prospective study but part of a
separate retrospective cohort study of aortopathy,
(3) adult patients evaluated at the University of Texas
Health Science Center at Houston, and (4) subjects
enrolled in the GenTAC Registry (National Registry of
Genetically Triggered Thoracic Aortic Aneurysms and
Cardiovascular Conditions). The GenTAC protocol
has been reported.'*'> Cores for both archived imag-
ing and phenotypic information were used to ensure
proper classification. The same phenotypic param-
eters and imaging measurements were used for all
subjects. Subjects in cohorts 1 and 4 provided written
informed consent as approved by their respective in-
stitutional review board committees. Subjects in co-
horts 2 and 3 were included as part of a retrospective
study under an institutional review board-approved
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protocol with a waiver of consent. Approval for stud-
ies of all cohorts was provided by Baylor College of
Medicine’s institutional review board, and approval
for the study of cohort 3 was also approved by the
Committee for the Protection of Human Subjects at
University of Texas Health Science Center at Houston.
Inclusion criteria for all cohorts included: (1) age
<50years at time of VEDS diagnosis, (2) available clini-
cal genetic testing records that identified a pathogenic
or likely pathogenic COL3AT variant, and (3) at least
1 magnetic resonance angiogram (MRA) or computed
tomography angiogram (CTA) that included the verte-
bral arteries and was available for review for VTI as-
certainment. Subjects were excluded if all CTA/MRAs
had fields of view covering <2.5cm of both vertebral
arteries or were of poor quality. The study was limited
to ages <b0years given evidence of arterial tortuosity
as a biomarker in young populations but with less dis-
crimination in older subjects because of development
of tortuosity with aging.®'® Subjects being evaluated at
TCH for the retrospective cohort (cohort 2) were iden-
tified using an electronic medical record query iden-
tifying patients seen between January 1, 1990, and
December 1, 2021. Among patients in cohort 2, those
who were contactable were consented prospectively
and recruited for additional evaluation, including a re-
search history and physical exam (and were included
with those in cohort 1).

Medical records were reviewed for cohorts 1 to 3,
including COL3AT genotype, genetics-focused physi-
cal examination findings, serial cardiovascular imaging
(echocardiography and MRA/CTA studies), history of
cardiovascular or organ-specific events, and surgical
interventions. For subjects in cohort 4, the same in-
formation was collected from the GenTAC database,
which has fields of all these same data, and data fields
were harmonized. Because of the retrospective waiver
of consent allowing for inclusion of patients in this
study, as well as the possibility of unintentionally shar-
ing information that could be used to reidentify patients
with this rare condition, data that support this study’s
findings are not directly available for request.

Imaging

For all cohorts, cardiovascular and extracardiac imag-
ing was performed at the discretion of patients’ physi-
cians based on institutional surveillance protocols and
at times of clinical concern. MRA/CTA images from co-
hort 1 to 3 were measured at TCH. Images for GenTAC
subjects (cohort 4) were deidentified at participating
sites and transferred to the imaging core (MedStar
Health Research Institute, Washington, DC) for analy-
sis."” Imaging analysis for both cohorts used a standard
protocol for all modalities, including blinding to clinical
outcomes and characteristics. Commercially available
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software was used for CTA/MRA post-processing
(TCH: Philips Extended MR WorkSpace version 2.6 or
Vitrea systems; GenTAC: Osirix for MRA and FujiPACS
for CTA).

Assessment of Arterial Tortuosity

The vertebral artery tortuosity index was calculated from
available MRA and CTA imaging (Data S1). At both core
imaging sites, readers were trained by S.AM. in VTI
measurement, and all VTI measurements were read in
a core laboratory fashion. VTl was measured as previ-
ously described and shown to be highly reproducible.®
In prior longitudinal evaluation of patients with Marfan
syndrome, we observed that the VTI in children de-
creases as height increases during childhood (likely be-
cause of “stretching” of the vertebral artery with growth)
and plateaus in late adolescence once growth has
stopped.’® Using the prior data, we were able to discern
the relationship between height and VTI to calculate
height-adjusted VTI (VTI-h) using the formula (VTI-h=e
(log (VTI)+0.00532 * (height in cm) — 0.266)).18 For patients with >1
exam, the primary VTl and VTI-h were calculated from
the exam covering the longest portion of the vertebral
arteries. If multiple exams successfully imaged both ver-
tebral arteries in their entirety, the primary VTl and VTI-h
were calculated from the first study. Typically, patients in
the study were followed either with serial MRI or serial
computed tomography (CT), but rarely both, especially
that which included neck imaging. To ensure the largest
possible sample size, we used VTI-h from either CT or
MRI. Given these modalities measure the same vessels
and the relative shape, not dimension, we did not an-
ticipate a major difference in VTI-h between modalities.

Aortic Measurements

Although traditionally aortic dilation is not commonly
present in VEDS, we evaluated associations be-
tween aortic root size and cardiovascular outcomes,
given strong associations in other disorders. For co-
horts 1, 2, and 4, echocardiographic measurements
were performed in systole using an inner-edge-to-
inner-edge technique, as per the American Society
of Echocardiography pediatric guidelines and per
GenTAC imaging protocols for all ages.'”'° For the TCH
cohort (cohorts 1 and 2), echocardiographic measure-
ments were taken from clinical reports, given lack of
universal availability of images before 2006 and stand-
ard measurement methods in the TCH laboratory
using the guidelines above for >30years. For cohort 3,
aortic root measurements were made using the stand-
ard adult method, in diastole, measuring from leading
edge to leading edge. Studies have shown minimal
difference in measurements using these 2 different
methodologies.?° For cohort 4 (GenTAC), aortic meas-
urements were performed in the core laboratory. Aortic
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root measurements performed after an aortic root re-
placement for aneurysm or type A aortic dissection
were excluded.

For CT and magentic resonance (MR) imaging in all co-
horts, all aortic root and ascending aortic measurements
were performed using double oblique views, measuring
the maximum distance from inner edge to inner edge.
For gated studies, the measurement was performed in
systole. For all cohorts, CT measurements were obtained
from the CTA. For cohorts 1 and 2, MR aortic root mea-
surements were performed on gated MRI cine steady-
state free-precession images of the root when available.
Otherwise, measurements were collected from the MRA
images in the same fashion as CT.

Aortic root and ascending aortic z-scores for sub-
jects under the age of 18years at the time of echocar-
diography were calculated using the Boston Children’s
Hospital Z-Scores.?!?? For aortic z-scores measured
by MR/CT in subjects ages 0 to 17.99years, meth-
ods published by Kaiser et al were used.?® Z-scores
for subjects ages 18years and older were calculated
using published methodologies by Campens et al for
echocardiology and Lin et al for MR/CT measure-
ments.?+2% All z-score calculations required availability
of height and weight at time of imaging. If height at the
time of imaging study was not available, the height at
time of other imaging within 3years before or after was
extrapolated if the patient was postpubertal. For those
with multiple height measurements available at alterna-
tive dates available, the height at the date closest to the
original imaging study within 6months was used for
extrapolation. If a height measurement using this cri-
teria or weight at time of imaging study was not avail-
able, echo z-score could not be calculated. A subject
was considered to have aortic dilation if the calculated
z-score was >2 on any imaging with aortic measure-
ments available.

Covariates

Covariates included sex, age at diagnosis, COL3AT
genotype, aortic root and ascending aortic z-scores,
race, and ethnicity. COL3AT variant classification was
informed by prior literature, where subjects were classi-
fied into high-risk genotype (either glycine substitutions
for large amino acids such as valine, aspartate, gluta-
mate, or arginine, or alternatively, splice site variant),
or low-risk genotype (null variant or COL3A7 deletion
resulting in haploinsufficiency).826-28 For glycine to ser-
ine and glycine to alanine substitutions, the expected
effect is predicted to be milder because of the small
residue of the substituted amino acids and observed
longevity in patients harboring this type of glycine sub-
stitution.® Therefore, these variants were also classi-
fied as low-risk. Classification of each individual variant
was confirmed by a board-certified clinical geneticist
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(P.B.). Because of a limited number of non-Hispanic
Black and Asian subjects in the cohort, analyses of
race and ethnicity were limited to non-Hispanic White
and Hispanic subjects.

Outcomes

Three different event types (any cardiovascular or
organ event, any cardiovascular event exclusively, or
any organ event exclusively) were evaluated in 2 dif-
ferent ways: any event (dichotomized) before age
50years or number of events (count variable) before
age 50years. Cardiovascular events were defined as
arterial dissection or rupture, aneurysm requiring surgi-
cal intervention, or stroke. Organ events were defined
as a pneumothorax or a perforation/rupture of a hol-
low organ. For all analysis incorporating age at event,
outcomes were limited to those with a reported age at
event.

Statistical Analysis

The primary independent variable was VTI-h, first eval-
uated as a continuous variable. We first examined the
association between VTI-h and each event using Cox
regression. The relationship between VTI-h and the
occurrence of an event before the age of 30years was
then evaluated using receiver operator curve (ROC)
analysis to identify any potentially clinically relevant
cut-off value for VTI-h identifying higher risk for early
events. A VTI-h cutoff was selected to optimize both
sensitivity and specificity. VTI-h measurements greater
than or equal to the cut-off discerned through ROC
analysis were defined as a “high” VTI-h while those
lower than the cut-off were considered to be “low.”

Evaluating Time to First Event

All statistical analyses described below evaluated
VTI-h as a dichotomized cut-off value based on ROC
analysis. Time to first event by dichotomized VTI-h and
other potential covariates (race and ethnicity, genotype
group, and sex) was evaluated using Kaplan-Meier
(KM) analyses with log-rank test. Outcomes for the KM
analysis were (1) time to first event, (2) time to first car-
diovascular event, and (3) time to first organ event, with
time zero defined as birth. Survival times were cen-
sored at the time of first event for subjects who had a
first event or last follow-up or death for those who did
not.

Evaluating Multiple Events

Event incidence rates were calculated using number of
events (including repeated events in the same individ-
ual) as the numerator and summed age at last follow-
up as the denominator and were reported as number



Stephens et al

of events per 100 person-years. Event incidence rates
were compared by dichotomized VTI-h, age decile,
race and ethnicity, genotype group, and sex. These in-
cidence rates were first compared in unadjusted analy-
ses, computing crude incidence rate ratio (IRR).

Mixed-effects Poisson regression was then used to
examine the association between dichotomized VTI-h
and outcomes in an adjusted model accounting for
multiple events per individual and for the effect of in-
creasing age. In this model, age decile was retained for
all models as a fixed effect, given the known profound
effect of age on outcomes. To reduce the degrees of
freedom, the inverse transformation of decile was used
as a continuous variable rather than decile as cate-
gories. Inverse transformation of age had a superior
fit in relationship to event rate compared with other
transformations such as log or square root. Patient
study number served as a random effect. IRRs were
calculated, with event number offset by number of
person-years in each decile to account for differences
in exposure time (log-transformed). IRRs for each out-
come were evaluated for all covariates assessed in this
model with age decile alone. Interaction terms were
evaluated with their base covariates simultaneously
in the model. A multivariable model was then created
for all outcomes and cardiovascular outcomes. Age
decile-adjusted and multivariable models were not
created for organ outcomes, given the low number of
events. For the multivariable models, covariates and in-
teraction terms with a P value <0.2 in association with
each outcome were included in an initial multivariable
model. Backward elimination was then performed, re-
taining VTI-h dichotomized, inverse transformation of
decile, risk-stratified genotype, and any other covariate
maintaining a P value <0.05.

As an exploratory analysis, the resulting multivari-
able model was then applied limited to subjects with a
high-risk genotype to evaluate for effect modification
by the COL3AT genotype. Because of a low number or
outcomes, this analysis could not be replicated among
subjects with a low-risk genotype. For visualization, a
KM curve and log-rank test were performed to evaluate
the association between dichotomized VTI-h and time
to first cardiovascular event among subjects with high-
risk and low-risk genotypes. Of note, stratification was
elected to evaluate effect measure modification as cell
counts for low-risk genotype were too low to implement
an interaction term. KM analyses suggested that time to
cardiovascular event by dichotomized VTI-h converged
near age 40years. Therefore, we conducted a post hoc
analysis repeating multivariable modeling of subjects
with a high-risk variant limited to follow-up before age
40years. A 2-tailed P value of <0.05 was considered
statistically significant. All statistical analyses were per-
formed using Stata statistical software (Stata/IC v16.1,
College Station, TX).
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RESULTS

Cohort Characteristics

Sixty-five subjects were eligible for inclusion (53.9%
male, Table 1). These included 29 subjects from co-
hort 1, 1 subject in cohort 2, 23 subjects in cohort 3,
and 12 subjects in cohort 4. Median age at genetic
diagnosis was 10.5years (interquartile range [IQR],
5.0-31.5years). Median age at last follow-up was
19.4years (IQR, 11.0-39.0years). Thirty subjects (46%)
were below the age of 18years at time of last follow-
up. The majority of subjects were non-Hispanic White
(67.7%) or Hispanic (29.2%). By genotype risk group,
18 subjects (27.7%) had a low-risk variant while 40 sub-
jects (61.5%) had a high-risk variant. One subject with
a splice site variant predicted to be a frameshift muta-
tion resulting in an incomplete protein was considered
low-risk with an effectively null variant (Table S1). The
remaining 7 (10.8%) subjects were classified as “un-
known” and were excluded from risk-stratified geno-
type analysis. Nine subjects (9/54 with imaging on file,
16.7%) had aortic root dilation detected by any imaging
modality, while 12 (12/54, 22.2%) had ascending aortic
dilation (Table 1). Of note, 1 subject only had imaging
following a type A dissection warranting aortic root re-
placement and was therefore excluded from analysis.
Median VTl in the cohort was 7 (IQR, 5-10). After ad-
justing for height, median VTI-h was 12 (IQR, 8-16).

Outcomes
Overall, 32 subjects (49.2%) had at least 1 event with
an overall sum of 59 events. This included 17 sub-
jects (26.2%) with only cardiovascular event(s), 10
(15.4%) with only extravascular organ event(s), and 5
(7.7%) with both. A total of 27.7% of subjects had 1
event (n=18), while 12.3% and 9.2% had 2 and more
than 2 events, respectively. The most frequent event
type was arterial or aortic dissection (28 dissections
in 19 subjects), followed by hollow organ rupture (11
ruptures in 10 subjects), pneumothorax (7 pneumo-
thoraces in 6 subjects), aneurysm requiring surgical
intervention (4 aneurysms in 4 subjects), arterial rup-
ture (5 ruptures in 4 subjects), and stroke (4 strokes in
4 subjects, Figure S1). Events were fatal for 1 subject
(Table S2). Six subjects (of 40 subjects who reached
the outcome before 18 or reached age 18 years with no
event, 15.0%) had an event before the age of 18years.
When accounting for multiple events, overall in-
cidence rate for all events was 3.25 events per 100
person-years (95% Cl, 2.43-4.26, Table S3). Of note,
age at event for 7 events was unknown and therefore
these were not included in incidence rate calculations.
The overall incidence rate for cardiovascular events
was 2.38 per 100 person-years and 0.88 per 100
person-years for organ events (Table 2 and Table S3).
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Table 1. Cohort Characteristics an

d Outcomes
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Table 1. Continued

Echo aortic measurements

Max aortic root z-score 16

1.32 (-0.11 to 1.71)

Max ascending aortic 23 1.74 (0.38 to 2.19)
z-score

Aortic root dilation on 16 3 (18.8%)

echo

Ascending aortic dilation | 23 8 (34.8%)

on echo

Any aortic dilation by 26 11 (42.3%)

echo

MRA/MRI/CTA aortic measurements

Max aortic root z-score 37

0.92 (0.33 to 1.61)

Max ascending aortic 30 0.83 (0.069 to 1.74)
z-score

Aortic root dilation on 37 6 (16.2%)
MRA/MRI/CTA

Ascending aortic dilation | 30 4 (13.3%)

on MRA/MRI/CTA

Any aortic dilation on 40 9 (22.5%)
CTA/MRA

Aortic assessment by any imaging modality

Max aortic root z-score 54

0.98 (0.24 to 1.65)

angiography

Max ascending aortic 53 1.26 (0.13 to 1.98)

z-score

Aortic root dilation by 54 9 (16.7%)

any modality

Ascending aortic dilation | 54 12 (22.2%)

by any modality

Any aortic dilation 54 19 (35.2%)
Imaging to ascertain VTI-h | 65

Computed tomography 29 (44.6%)

J Am Heart Assoc. 2023;12:e029518. DOI: 10.1161/JAHA.123.029518

(Continued)

Variable Available | n (%) or median (IQR) Variable Available | n (%) or median (IQR)
Male sex 65 35 (53.9%) Magnetic resonance 34 (52.3%)
Age at diagnosis, y 64 10.5 (5.0 to 31.5) angiography/imaging
Age at last follow-up, y 65 19.4 (1.0 t0 39.0) Unknown imaging type 2 (3.1%)
Race and Ethnicity 65 Median VTI (1QR) 65 7 (510 10)
Non-Hispanic White 44 (67.7%) Median VTI-h (IQR) 65 12 (8 to 16)
Hispanic 19 (29.2%) Dichotomized VTI-h 65
Non-Hispanic Black 1 (1.5%) VTI-h>15.5 20 (30.8%)
Asian 1 (1.5%) VTI-h<15.5 45 (69.2%)
COL3AT genotype 65 2?gya(r:1aé’3§1\iascular or 65 31 (47.7%)
Glycine substitution 30 (46.2%) Event count by subject 65
Splice site variant, donor 15 (23.1%) 0 ovents 35 605%)
i i i 0,
oo e 5 (7.7%) T ovent 18 (27.7%)
Haploinsufficient/null 9 (13.9%) 2 events 8 (12.3%)
Other/unknown 6 (9.2%) >2 events 6 (9.2%)
Categorized COL3AT 65 Any cardiovascular event 65 22 (33.9%)
genotype Any extravascular organ 65 15 (23.1%)
High-risk 40 (61.5%) event
Low-risk 18 (27.7%) fSOl‘leJvev?;; \évvitehn?eath 65 1 (1.5%)
Not classified 7 (10.8%)

All values expressed as n (%) or median (Q1, Q8). CTA indicates computed
tomography angiography; IQR, interquartile range; MRA, magnetic
resonance angiography; MRI, magnetic resonance imaging; VTI, vertebral
tortuosity index; and VTI-h, height-adjusted vertebral artery tortuosity index.

VTI-h and Time to Event

As a continuous variable, VTI-h was not associated
with time to first event of any kind on Cox regression
(Table 3). However, ROC analysis evaluating associa-
tion between VTI-h and any event before age 30years
demonstrated mild discriminatory ability, with area
under the curve 0.64 (95% CI, 0.48-0.80, P=0.092,
Figure 1A). When limiting the assessment to cardio-
vascular events before age 30years, discriminative
ability improved (area under the curve 0.71 [95% ClI,
0.54-0.88], P=0.038, Figure 1B), while VTI-h had no
discriminative ability for extravascular organ events be-
fore age 30years (area under the curve 0.49 [95% Cl,
0.22-0.76], P=0.937, Figure 1C). This suggested that
the lower discriminative ability for all events was largely
driven by the inclusion of noncardiovascular events.
Based on these findings, subsequent analyses were
performed focusing on the relationship of VTI-h and
cardiovascular events.

Based on ROC analysis of cardiovascular events,
the optimal cut point for VTI-h was >15.5, (sensitivity
70.0%, specificity 76.4%, 75.4% correctly classified for
cardiovascular events). Among subjects, 45 (69.2%)
had a low VTI-h and 20 (30.8%) had a high VTI-h. On
KM analysis, survival curves suggested earlier cardio-
vascular events among subjects with a high VTI-h early
in life; however, the curves converged near age 40years
(log-rank P=0.270, Figure 2). Those in the high VTI-h
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Table 3. Cox Regression for VTI-h and Outcomes

Any event 1.00 (0.98-1.03) 0.97
Cardiovascular event 1.00 (0.97-1.03) 0.90
Extravascular organ event 0.98 (0.96-1.01) 0.28

HR indicates hazard ratio; and VTI-h, height-adjusted vertebral tortuosity
index.

group had median age at first cardiovascular event at
age 33.9years compared with the low VTI-h group, in
which median age at first event was 41.6years, and no
cardiovascular event in the low VTI-h group occurred
before age 20years. Freedom from cardiovascular
event by risk-stratified genotype showed a similar pat-
tern, with separation early in life and convergence later
around age 40years (Figure 2). Males started having
cardiovascular events earlier than females, but this did
not meet statistical significance (P=0.081, Table 4). No
significant differences in freedom from event were de-
tected by ethnicity. Comparisons of KM curves for all
outcomes and organ events can be found in Figure S2.

Further, on assessment of subjects stratified by
high-risk and low genotype, analysis suggested ear-
lier time to cardiovascular event among subjects with
a high VTI-h in those with a high-risk genotype, al-
though this did not meet significance (Figure 3, log-
rank P=0.064). This pattern was not evident among
subjects with a low-risk genotype (P=0.492).

VTI-h and Event Rate

When evaluating multiple events, IRRs were noted to
increase by person-decile for all events, cardiovascu-
lar events, and organ events (Table 2; Table S3). VTI-h
>15.5 was associated with a higher crude event rate
for cardiovascular events (3.78 versus 1.57, P=0.008).
Non-Hispanic White race and ethnicity was also as-
sociated with a higher cardiovascular event rate than
in Hispanic patients (2.97 versus 1.02, P=0.026). On
crude analysis, neither presence of aortic root dila-
tion nor ascending aortic dilation was associated with
higher event rates. Event rates and comparisons for all
events and extracardiac events are noted in Table S3.
The effect of age on cardiovascular events appeared
to be significantly modified by high versus low VTI-h
(Figure 4), with a slower increase in risk with aging
among those with low VTI-h versus high.

Backward elimination for cardiovascular outcomes
yielded a final multivariable model containing age
decile, dichotomized VTI-h, and risk-stratified COL3AT
genotype (Table 2). After controlling for age and gen-
otype, subjects with a high VTI-h had more than 1.79
times the rate of incident cardiovascular events com-
pared with subjects with a low VTI-h, although this did
not meet significance criteria (P=0.185). Risk-stratified
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AUC for any event: 0.641
(95% ClI, 0.478-0.804)
P =0.09

AUC for cardiovascular event: 0.707
(95% Cl, 0.535-0.879)
P=0.04

AUC for organ event: 0.490
(95% ClI, 0.223-0.757)
P=0.94

Figure 1.

ROC for height-adjusted vertebral tortuosity index and event before age 30years.

A, ROC of any event; B, ROC of cardiovascular events; C, ROC of organ events. ROC analysis of height-adjusted vertebral tortuosity
index and having an event before age 30years demonstrated mild discriminatory value with an area under the curve of 0.64. However,
predictive ability increased when limiting to cardiovascular events before age 30years (area under the curve=0.71), comparatively
higher than the ROC for organ events before age 30 (area under the curve=0.49). Based on ROC analysis of cardiovascular events
alone, an optimal cut point was selected at 15.5 (sensitivity 70.0%, specificity 76.4%). This optimal cut point is denoted by the red
arrow. AUC indicates area under the curve; and ROC, receiver operator curve.

genotype group did not meet significance criteria to
be associated with rate of cardiovascular event on
multivariable analysis (IRR=1.17 [95% ClI, 0.53-2.59],
P=0.699). When multivariable analysis was limited to
subjects with a high-risk genotype, the association
was magnified (IRR for high VTI-h versus low VTI-h
3.25 [95% ClI, 0.98-10.78], P=0.054) and more so
when limited to the first 4 decades of life and high-
risk variants (IRR=4.14 [95% CI, 1.13-15.10], P=0.032)
(Table 5). Incidence rates of cardiovascular events by
VTI-h and person-decade can be found in Figure 4.

DISCUSSION

In this study, nearly one-half of patients with VEDS ex-
perienced at least 1 life-threatening event before age
B50years. Findings demonstrated that increasing age
is strongly associated with events and, further, that
height-adjusted VTl may be independently associated
with increased rate of incident cardiovascular events
among patients with VEDS, especially among those
with a high-risk genotype under age 40years. While
height-adjusted VTI did not meet significance thresh-
old on multivariable analysis, this may have been a by-
product of limited statistical power in this study and
warrants further investigation. Given the low rate of
events among subjects with a low-risk genotype, ele-
vated VTI-h was most discriminating among those with
high-risk genotypes. Although sex did not meet sig-
nificance criteria, males tended to have earlier cardio-
vascular events. Further, findings indicated that neither

J Am Heart Assoc. 2023;12:e029518. DOI: 10.1161/JAHA.123.029518

aortic root dilation nor ascending aortic dilation was
associated with any type of event rate. This study sug-
gests that height-adjusted tortuosity may be another
useful tool for risk stratification in young people with
VEDS and that the risk conferred by degree vertebral
tortuosity may be modified by COL3A7 variant type
and age. These findings are helpful as risk stratification
can guide medical therapy, activity guidance, and tim-
ing of intervention.?®2°

The reproducibility of vertebral artery tortuosity
index as a biomarker of risk for cardiovascular events
has been noted in other prior investigations, as arte-
rial tortuosity has been characterized in other genetic
arteriopathies such as Loeys-Dietz syndrome, Marfan
syndrome, and familial thoracic aneurysm and aortic
dissection.?':39-32 The pathogenesis of increased arte-
rial tortuosity in patients with aortopathy is not known,
although several mechanisms are postulated. Arterial
lengthening has been shown to reduce axial stress, so
it may be an adaptation in response to perceived high
stress in genetically mediated arteriopathy.®® Another
possibility is that genetically abnormal vessel walls
actually have lower manifest axial tension, which has
been shown in manipulated rabbit carotid arteries to
result in increased tortuosity.3

Interestingly, the degree of vertebral artery tortuos-
ity in VEDS is significantly lower than in other vasculop-
athies, with a VEDS median VTI of 7 compared with a
Marfan median VTI of 26 and a Loeys-Dietz syndrome
median VTl of 58.9 VTI >15 is typically visible to the
naked eye, and normal is median 4.5 with IQR, 3 to 6.°
Given the significantly increased risk of adverse events
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Figure 2. Freedom from cardiovascular event by characteristics.
A, By dichotomized VTI-h; B, By ethnicity; C, By risk-stratified genotype; D, By sex. All Kaplan—-Meier graphs present freedom from
event (1-hazard of event) on its y axis. KM indicates Kaplan—-Meier; VTI-h, height-adjusted vertebral tortuosity index.

with age in VEDS, this study used VTI-h instead of VTI,
as this adjusts for the mild progressive decline in VTI
seen in childhood thought to occur as the body length-
ens without equal lengthening of the vertebral arter-
ies.'® VTI-h is approximately equivalent to what the VTI
would be at birth and has a median in controls of 7.8
with 25th to 75th percentiles of 5.3 to 10.0. The median
VTI-h in this study (12) was just above the 75th percen-
tile to the established “normal” VTI-h denoted among
patients without aortopathy, suggesting that most pa-
tients with VEDS do not have visibly evident tortuos-
ity, despite many of their events involving the arterial
system.® The cutoff for concern for VTI-h is also much
lower in VEDS than seen in Marfan syndrome, in that
a VTI-h >68 is associated with increased risk of dis-
section at aortic diameters <5cm.%® With respect to its
longitudinal trends, VTI-h changes minimally with age
in other conditions, and we anticipate that this is similar
in VEDS. Given this anticipated minimal change, it is
possible that only 1 MRA or CTA of the vertebral ar-
teries in full would be sufficiently informative. However,

J Am Heart Assoc. 2023;12:e029518. DOI: 10.1161/JAHA.123.029518

more definitive evaluations of the longitudinal changes
in VTl and VTI-h in VEDS are needed to confirm this.

Differences in degree of aortic enlargement and
tortuosity among patients with VEDS compared with
other connective tissue disease cohorts are likely at-
tributable to inherent differences in disease pathol-
ogy between these conditions. While some studies
cite aortic root dilation in 89% of patients with Marfan
syndrome, this is much less common in VEDS.%¢
Additionally, aortic dilation in VEDS is not as well asso-
ciated with risk of dissection compared with other vas-
culopathies, whereas aortic size is one of the strongest
predictors of dissection risk in Marfan and Loeys-Dietz
syndromes.

This study was limited in its ability to statistically
model aortic root and ascending aortic dilation be-
cause of heterogeneity in imaging modalities, although
the associations between aortic size and outcomes
did not appear to be strong. There was an elevated
IRR between ascending aortic dilation and cardiovas-
cular outcomes, but this was driven by a single case.

10
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Table 4. Subject Characteristics Associated With Time-to-First Event

Cardiovascular

Variable n Any event (n=32) P value event (n=22) P value Organ event (n=15) P value
Stratified VTI-h 0.59
VTI-h>15.5 20 30.0 (21.8-42.0) 0.53 33.9 (23.3-45.0) 0.27 +(42.0-%)
VTI-h<15.5 45 38.5 (25.0-41.9) 41.6 (37.0-42.4) +(35.3-
Sex
Male 35 36.2 (23.3-39.3) 0.1 38.6 (24.0-41.0) 0.08 42.0 (41.9-9) 0.77
Female 30 33.9 (25.0-45.0) 42.4 (33.9-47.0) +(33.9-9
Race and ethnicity*
Non-Hispanic White 44 33.9 (25.0-41.9) 0.44 38.6 (26.8-45.0) 0.49 +(35.3-9 0.55
Hispanic 19 36.2 (21.8-41.0) 41.0 (24.0-9) +(36.2-%)
Genotype’
Glycine substitution 30 38.5 (24.0-45.0) 0.29 41.6 (25.0-F) 0.23 +(38.5-%) 0.29
Splice site variant 20 26.8 (18.0-36.2) 37.0 (26.8-47.0) 27.2 (18.0-36.2)
Null variant 9 38.6 (37.0-39.3) 38.6 (37.0-39.6) -9
Genotype group’
High-risk 40 24.0 (9.9-32.0) 0.40 26.0 (23.0-34.0) 0.92 27.0 (9.0-34.0) 0.028
Low-risk 18 38.9 (37.8-41.5) 39.0 (37.0-42.0) 38.9 (38.9-)

For each characteristic, median age at first event in years and its interquartile range are reported. P values were computed using univariable Cox proportional
hazard regression by time to event for each respective section. For statistics with a median but no interquartile range presented, only 1 individual in the group
had an event and, therefore, because of no variation in age at event, all percentiles are the median of the 1 individual. VTI-h indicates height-adjusted vertebral
tortuosity index.

*Statistical analyses of race and ethnicity excluded Black and Asian subjects because of low counts (n=2).

fAnalyses by genotype and genotype group excluded patients classified as “other/unknown” (n=6) or of unknown risk (n=7).

*Unable to calculate because of failure to reach this percentile of events.

5P values indicate statistical significance.

Therefore, future prospective studies evaluating VTI-h robust evaluation of arteriopathy as a covariate. For
using uniform measurement techniques of the aortic this analysis, we included VTI-h measured from both
segments by CT and MRI/MRA will allow for more MRA and CTA, assuming these were similar within a

A Limited to subjects with high-risk variants (n=40) B Limited to subjects with low-risk variants (n=18)
o
=} 21
S -
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ol = S
5§ o 5§ °
> >
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Figure 3. Freedom from cardiovascular event by dichotomized height-adjusted vertebral tortuosity index and risk-stratified
COLS3A1 genotype.

A, Limited to subjects with high-risk variants (n=40); B, Limited to subjects with low-risk variants (n=18). All Kaplan—-Meier graphs
present freedom from event (1-hazard of event) on its y axis. KM indicates Kaplan—-Meier; and VTI-h, height-adjusted vertebral
tortuosity index.
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Figure 4. Incidence rate of events by dichotomized height-adjusted vertebral tortuosity index and person-decade.

Incidence rates per 100 person-years and corresponding 95% Cls are presented for each decade of life. P values denote whether or
not the incidence rate ratio computed between the rate of any event by each person-decade and event rate within the first decade
of life, within each respective group stratified by height-adjusted vertebral tortuosity index, are significantly different. VTI-h indicates

height-adjusted vertebral tortuosity index.

patient. Additional studies are needed to formally com-
pare VTI-h between imaging modalities.

While analysis of the COL3AT genotype did not
reach statistical significance in the overall group, we
postulate that this may be because of limited statistical
power in this study, which is a key limitation of this study.
Because of this limited power, we were also unable to
perform multivariable analysis using >3 to 4 predic-
tors or to investigate subjects with a low-risk genotype
alone. Additionally, nearly the entire cohort was White,
reflecting a critical need for more racially and ethnically
diverse cohorts of patients with VEDS. There is pos-
sible selection bias and medical surveillance bias as
patients included were followed by cardiac specialists

Table 5. Multivariable Modeling of Cardiovascular Events
in Subjects With High-Risk COL3A1 Genotype

Multivariable model
Variable Adjusted IRR (95% ClI) ‘ P value
Model 1: Follow-up time<50y
Age, y (inverse transformed) N/A ‘ 0.01*
Stratified VTI-h'
VTI-h>15.5 3.25(0.98-10.78) 0.054
VTl-h<15.5 Reference
Model 2: Follow-up time<40y
Age (inverse transformed) N/A 0.02*
Stratified VTI-h'
VTI-h>15.5 414 (113-15.10) 0.03*
VTl-h<15.5 Reference

IRR indicates incidence rate ratio; and VTI-h, height adjusted vertebral
tortuosity index.
*P values indicate statistical significance.

J Am Heart Assoc. 2023;12:e029518. DOI: 10.1161/JAHA.123.029518

and therefore may possess more resources to access
specialized care, motivation to participate in research,
or have a more severe phenotype given their diagno-
sis or family history of VEDS. Further studies with in-
creased sample sizes are needed to investigate risk
stratification among these patients with VEDS.

CONCLUSIONS

Height-adjusted vertebral artery tortuosity may be in-
dependently associated with increased rate of cardio-
vascular events among patients with VEDS, although
findings suggested that the association between tortu-
osity and event rates is modified by COL3AT genotype
and age and particularly magnified among patients
<40years of age, with a COL3AT variant conferring
a higher risk of events. VTl did not predict extracar-
diac events involving hollow organ collapse or rupture.
Prospective studies that include more racially and eth-
nically diverse subjects are needed to evaluate VTI's
predictive ability in this high-risk population.
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