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Intracranial Arterial Tortuosity in Marfan Syndrome and
Loeys-Dietz Syndrome: Tortuosity Index Evaluation Is Useful
in the Differential Diagnosis
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L. Spinardi, “*'G. Vornetti, “*'S. De Martino, L. Faccioli, “* M. Pastore Trossello,

E. Mariucci, and ““ A. Donti

ABSTRACT

BACKGROUND AND PURPOSE: The association of arterial tortuosity and connective tissue diseases is widely reported in the litera-
ture, but only a few studies were based on a quantitative evaluation of this arterial phenotype, and none of the latter examined
the intracranial vasculature. The aim of this study was to evaluate the degree of intracranial arterial tortuosity in patients with
Marfan syndrome and those with Loeys-Dietz syndrome, and to assess its usefulness in the differential diagnosis.

MATERIALS AND METHODS: We performed a retrospective analysis of 68 patients with genetically confirmed Marfan syndrome
(n=36) or Loeys-Dietz syndrome (n =32), who underwent at least 1 MRA of the brain at our institution. Fifty-two controls were
randomly selected among patients who presented with headache and without any known comorbidity. Tortuosity indexes of 4

intracranial arterial segments were measured on a 3D volume-rendered angiogram by using the following formula:
(centerline length ]) % 100

straight-line length

RESULTS: Both Marfan syndrome and Loeys-Dietz syndrome showed a significantly higher tortuosity index compared with controls
in all examined vessels. The tortuosity index of the vertebrobasilar system showed an excellent interrater reliability (intraclass cor-
relation coefficient, 0.99) and was the strongest independent predictor of Loeys-Dietz syndrome in patients with connective tissue
disease (P = .002), with a 97% specificity for this pathology when its value was > 60.

CONCLUSIONS: The tortuosity index of intracranial arteries is an easily calculated and highly reproducible measure, which shows a
high specificity for Marfan syndrome and Loeys-Dietz syndrome and may be useful in differentiating these 2 entities.

ABBREVIATIONS: CTD = connective tissue disease; IICA = intracranial internal carotid artery; IQR = interquartile range; LDS = Loeys-Dietz syndrome; Tl =

tortuosity index; VBS = vertebrobasilar system

he term arterial tortuosity defines the presence of multiple
abnormal turns of one or more arteries, which likely develop
as a result of aberrant vessel elongation." Previous studies showed
an association between arterial tortuosity and aging as well as
female sex, hypertension, and other cardiovascular risk factors.>™
A renewed interest in this vascular biomarker emerged in recent
years, especially in relation to its possible role in the diagnostic
evaluation and prognostic assessment of genetic arteriopathies.””
Although arterial tortuosity has been recognized as a hallmark of
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Loeys-Dietz syndrome (LDS) and arterial tortuosity syndrome,
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recent studies suggest that this arterial phenotype is also present in
other connective tissue diseases (CTDs), such as Marfan syndrome,
and familial thoracic aneurysm and aortic dissection.>"!

LDS is characterized by a disease course that is more severe
compared with Marfan syndrome and presents with aortic dissec-
tion at a younger age and smaller aortic diameter, with vascular
disease extending beyond the aortic root.”'> An early and accu-
rate differential diagnosis between Marfan syndrome and LDS,
therefore, is essential to ensure proper patient care. Nonetheless,
a risk of misdiagnosis is present, especially in patients without
specific traits of Marfan syndrome (eg, ectopia lentis) or LDS (eg,
bifid uvula, cleft palate, and hypertelorism) because several other
features of these syndromes demonstrate a considerable over-
lap.'21?

arterial tortuosity may raise the suspicion of LDS and lead to

In these scenarios, the presence of prominent intracranial

early genetic testing and closer monitoring of these patients.
Several studies reported the presence of tortuous intracranial

arteries in patients with LDS,"*'® but all of them were based on

subjective evaluation of tortuosity, which limits the usefulness of
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FIG 1. The Tl measurement on 3D volume-rendered TOF-MRA. The solid black line indicates the
centerline length, whereas the dashed gray line shows straight-line length. A, Superior view of Al
and M1 segments in a patient with LDS (all anterior cerebral artery segments distal to A2 have
been removed; white arrowhead, anterior communicating artery; black arrowhead, right M1-M2
bifurcation). B, Lateral view of the right IICA in a patient with LDS (white arrows, level of the infe-
rior opening of the carotid canal). C, Anterior view of VBS in a patient with Marfan syndrome

(white arrows, level of the foramen magnum).

this finding due to the lack of standardization in terms of defini-
tion and measurement. Recently, more advanced quantitative
methods, for example, the tortuosity index (TI), have been pro-
posed to measure arterial tortuosity. TT is calculated as the ratio
between the actual length of an arterial segment and the shortest
distance measured between its end points, which has been shown
to be a reproducible measure of arterial tortuosity in different vas-
cular territories."” Recent studies used TI to measure carotid artery
and vertebral artery tortuosity in the cervical region in patients
with CTDs,>® but no quantitative data are available with regard to
the intracranial vasculature. The aim of this study was to evaluate
the degree of intracranial arterial tortuosity in patients with
Marfan syndrome and those with LDS, and to assess its usefulness
in the differential diagnosis of these 2 pathologies.

MATERIALS AND METHODS

We retrospectively reviewed the electronic medical records and
imaging studies of all patients with genetically confirmed Marfan
syndrome and LDS who were referred until December 2019 to
the hub center for heritable CTDs of the University of Bologna
(Italy). We included in this study all patients (N=68) who under-
went at least 1 MRA of the brain at our institution.

In accordance with current guidelines,' at our institution, all
patients diagnosed with LDS undergo full vascular imaging,
including the intracranial arterial system, every 2 years to screen
for the presence of aneurysms and other vascular pathology. In
recent years, due to the reported association of Marfan syndrome
with extra-aortic vascular pathology,'”” our patients diagnosed
with Marfan syndrome undergo a screening MRA of the brain,
which is not repeated if no pathologic findings are discovered. All
MRAs were acquired after the diagnosis of Marfan syndrome or
of LDS was already established. When more than one brain imag-
ing study was available, only the most recent MRA was selected
for analysis. All included MRAs were acquired between January
2015 and December 2019.

Fifty-two controls were randomly selected among patients who
presented with headache and without any intracranial vascular pa-
thology, and who underwent an MRA of the brain during the

same period. We reviewed the elec-
tronic medical records of the controls
and excluded all the patients with sys-
temic arterial disease or cardiovascular
risk factors (such as hypertension, dia-
betes, renal pathology, atrial fibrillat-
ion, aortic aneurysm or dissection, and
fibromuscular dysplasia). In addition,
patients with genetic syndromes or a
history of cancer were excluded from
the control group. This study was car-
ried out in accordance with ethics
standards as set out in the Declaration
of Helsinki and was approved by the
institutional review board as a retro-
spective study.

MRA Acquisition and Image

Analysis
MRAs of the brain were performed with a 1.5T superconducting
system (Ingenia; Philips Healthcare), with a 20-channel phased
array head coil. A commercially available 3D TOF-MRA
sequence was used, with the following parameters: field of view,
200 x 189 mm; matrix, 444 x 235; section thickness, 1.2 mm;
number of slices, 168; echo time, 6.9 ms; repetition time, 27 ms;
flip angle, 20° and number of acquisitions, 1.

Image analysis was performed by using IntelliSpace 8.0 soft-
ware (Philips Healthcare) by an examiner who was blinded to
clinical data and extracranial imaging findings. A 3D volume-
rendered angiogram was created from the source TOF-MRA
images for each patient. The actual length of the artery was meas-
ured by using the vessel centerline, which was automatically
traced by the software algorithm; manual correction was only
needed in the presence of extremely tortuous vessels when the
ends of a vascular loop came into contact with each other. Both
centerline length and straight-line length were automatically
measured by the software, whereas the end points of each vessel
were manually selected. TT was calculated by using a previously

. . [ centerline length 5
described formula: <m — 1) x 100.” A second exam-

iner (SD)calculated the TT of 20 randomly selected MRAs of the
brain, and interrater reliability was assessed by using the intra-
class correlation coefficient.

Arterial Segment Selection

To obtain a comprehensive estimate of intracranial arterial tortu-
osity, we selected vessels from both the anterior and posterior cir-
culation, which could be defined based on easily identifiable
anatomic landmarks, to maximize reproducibility and ease of
segmentation (Fig 1). In the anterior circulation, the following ar-
terial segments were analyzed: intracranial internal carotid artery
(IICA) (from its entrance into the carotid canal of the temporal
bone to its bifurcation into anterior and middle cerebral arteries),
the A1 segment of the anterior cerebral artery (from the origin of
the anterior cerebral artery to the level of the anterior communi-
cating artery), and the M1 segment of the MCA (from the origin
of the MCA to the M1-M2 bifurcation). In the posterior circula-
tion, we segmented the vertebrobasilar system (VBS) starting
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Table 1: Demographic and clinical characteristics of patients with CTD

syndrome and those with LDS, except

CTD Marfan Syndrome LDS for a higher prevalence of peripheral
Characteristic (N=68) (n=36) (h=32) P artery dissection in LDS (Table 1).

Age at MRA, median (IQR), y 38.5 (23-48) 32.5 (25-43.5) 42 (22-50) .21 Among the patients with LDS, 7
hemale; ni(z) 33 (48.5) 15 (417) 18(563) .33 were found to harbor a total of 8 intra-
Aortic root dilation, n (%) 59 (86.8) 33(917) 26 (813) 29 . . .
Aortic dissection, n (%) 9(132) 6 (16.7) 3(94)  4g  cranial aneurysms; in 1 patient, a dural
Arterial dissection, n (%) 4(59) 0(0.0) 4025 .04 arteriovenous fistula was reported. We
Aortic surgery, n (%) 41(60.3) 25 (69.4) 16 (50.0) 14 did not find any intracranial vascular
Age at surgery, median (IQR), y 28 (20-37) 26 (21-35) 33 (18-44) 47 pathology in the patients with Marfan

from the level of the foramen magnum to the tip of the basilar ar-
tery. The level of the inferior opening of the carotid canal and the
level of the foramen magnum were identified on MPR images.
The TI of each arterial segment was calculated on both sides. For
the VBS, the TI was calculated starting from both vertebral
arteries. Both the average TI and maximum TI values of each seg-
ment were used for analyses. To improve clarity, we only
reported data on the former because both values yielded similar
results at univariate analysis, but receiver operating characteristic
curve analysis showed higher sensitivity and specificity for the av-
erage TL.

Statistical Analysis

Categoric variables were compared by using the Fisher exact test,
whereas the Wilcoxon rank sum test was computed for continu-
ous variables. The Spearman rank correlation coefficient was
used to evaluate the association between TI and age. Normalcy
was assessed by means of the Shapiro-Wilk test. Receiver operat-
ing characteristic curve analysis was performed for each vessel TI
and the binary end points of Marfan syndrome versus LDS and
CTD versus control. At multivariate analysis, ORs and 95% Cls
were estimated with a logistic regression model, including age,
A1 TI, and VBS TI. Continuous variables were described as me-
dian and interquartile range (IQR), whereas categoric variables
were summarized by absolute and relative (%) frequency. All tests
were 2-sided, and P <.05 was considered statistically significant.
Statistical analysis was performed by using R version 3.6.1 (2019;
The R Foundation for Statistical Computing).

RESULTS

Subjects

Sixty-eight patients with CTD and 52 controls were included in
this study. In the CTD group, 36 patients (52.9%) had Marfan syn-
drome and 32 (47.1%) had LDS. All the patients with Marfan syn-
drome had a mutation in the FBN-I gene, whereas, among
patients with LDS, 15 (46.9%) had a mutation in SMAD3, 11
(34.4%) in TGFBR2, and 6 (18.7%) in TGFBRI. Univariate analysis
did not show a statistically significant difference in age or sex
between cases and controls. The median age at MRA was 38.5 years
(IQR, 23-48 years) in patients with CTD and 35 years (IQR, 28.5-
54 years) among the controls (P = .43); 10 patients and 5 controls
were < 18years old. There were 33 females (48.5%) in the CTD
group and 28 females (53.8%) among the controls (P=.59). We
did not find any significant difference in the examined demo-
graphic and clinical variables between the patients with Marfan
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syndrome. The average aneurysm diam-

eter was 3.6 mm (range, 2-5 mm), and
the most frequent location was the carotid siphon (50%). No
patients presented with subarachnoid hemorrhage. After evaluation
by a multidisciplinary team, including neuroradiologists, neurosur-
geons, and cardiologists, 2 patients underwent successful treat-
ment of the aneurysm, 1 via endovascular coiling, the other by
surgical clipping, without any complications. We did not find
any significant difference in tortuosity between the patients
with LDS and with and without intracranial aneurysm (P=.71
for A1, P=.10 for M1, P=.37 for IICA, and P = .96 for VBS).
Among the patients with CTD, 7 (10.3%) reported a history of
smoking, 8 (11.8%) presented with dyslipidemia, 1 (1.5%) had a
body mass index >30 kg/m?, and none had diabetes mellitus.
No significant difference in TT was found between smokers and
nonsmokers (P=.36 for Al, P=.39 for M1, P= .24 for IICA,
and P=.69 for VBS) nor between patients with and patients
without dyslipidemia (P=.52 for Al, P=.86 for M1, P=.73
for IICA, and P = .89 for VBS).

Interrater Reliability

The TT of the 4 examined arterial segments were measured by 2
observers in 20 randomly chosen subjects (8 patients with Marfan
syndrome, 6 patients with LDS, and 6 controls) to assess for inter-
rater reliability. Intraclass correlation coefficient for TT comparison
between the 2 observers was 0.97 (P <.001) for A1, 0.76 (P=.03)
for M1, 0.99 (P < .001) for IICA, and 0.99 (P < .001) for VBS.

Analysis of Intracranial Arterial Tortuosity

IICA TI and VBS TI showed a positively skewed distribution
both in patients with CTD and the controls, whereas the distribu-
tion of A1 TT and M1 TT was positively skewed in LDS and nor-
mally distributed in those with Marfan syndrome and the
controls. The highest TI variability was observed for M1, which
may be explained by the highly variable position of the M1-M2
bifurcation relative to the origin of the MCA. The median differ-
ence between the TI of the right and left side (expressed as the
percentage of the absolute value of the difference between the 2
sides compared with the less tortuous side) was 45.5% for Al
(IQR, 14.3%-64.8%), 40.7% for M1 (IQR, 21.4%-84.6%), 10.2%
for TICA (IQR, 5.0%-20.1%), and 19.2% for VBS (IQR, 7.6%-
33.3%). The variation in tortuosity between the 2 sides was not
significantly different when comparing the patients with CTD
and the controls (P=.85 for Al, P=.67 for M1, P= .46 for
IICA, and P = .48 for VBS) as well as patients with Marfan syn-
drome and those with LDS (P=.91 for Al, P=.94 for M1,
P=.97 for IICA, and P= .33 for VBS).



Table 2: The intracranial Tl in patients with CTD and the controls

Association between the Tl and CTD

Intracranial TI, median (IQR) P Among the patients with LDS, no sig-

Marfan Marfan LDS vs nificant association was found betw-

Controls Syndrome Syndrome vs  LDS vs Marfan een intracranial arterial tortuosity and

(n=52) (n=36) LDS (n = 32) Controls Controls Syndrome gene mutation; therefore, we considered

Al 9(6-12) 15(8-16) 155 (11-21) 02 <.001 02 these patients as a single group for fur-

Ml 5(-7) N5(6-22) 125 (6-2) <001 <.001 92 ther analysis. Both Marfan syndrome
IICA 97 (80.5-110) 123.5 (105-144) 1415 (123-160.5) <.001 <.001 .06

VBS 12 (9-19) 285(20-36) 52 (32-73.5) <001 <001 <001 and LDS were characterized by a signifi-

cantly higher intracranial TI compared

with controls. In addition, the Al TI

and VBS TI were significantly higher in

Al M1 patients with LDS compared with patients with Marfan syndrome

3 (Table 2 and Fig 2). When considering only the 59 patients with

. both CTD and aortic root dilation (according to Hager nomo-

g 3 e grams'?), patients with LDS demonstrated a significantly higher TT

° = compared with patients with Marfan syndrome for Al (16 [IQR,

[Sp]

20

=ut _HE

o
VBS IICA
£
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FIG 2. Boxplots of the Tl of the 4 examined arterial segments for
controls and patients with Marfan syndrome (MS) and LDS.

No significant differences were found between the TI of ves-
sels from the right and left sides (P=.90 for M1, P=.67 for
IICA, and P = .37 for VBS), except for a trend toward significance
for the Al segment (P=.05), which showed a higher TI on the
right side (median TI, 11 [IQR, 7-17]) compared with the left
side (median TI, 8 [IQR, 7-15]). No significant results were
found when stratifying the patients by CTD status. The TI of the
examined arterial segments did not differ significantly between
males and females, even when stratifying the subjects by CTD sta-
tus. The median TI in males and females was 11 (IQR, 7.5-14)
and 11 (IQR, 7-18) for Al (P=.42); 7 (IQR, 4-14.5) and 10
(IQR, 5-18) for M1 (P=.50); 117 (IQR, 93-136.5) and 117 (IQR,
97-140) for IICA (P=.68); and 22 (IQR, 12.5-33) and 29 (IQR,
13-49) for VBS (P =.11), respectively. No correlation was found
between age and the TI: the correlation coefficient was —0.03 for
Al (P=.73), 0.05 for M1 (P=.62), 0.06 for IICA (P=.50), and
0.06 for VBS (P =.54). Similar results were obtained when assess-
ing each group of patients separately.

11-22] versus 11 [IQR, 8-16]; P=.02), IICA (145 [IQR, 125.5-164]
versus 125 [IQR, 110-143]; P=.01), and VBS (59 [IQR, 48-80] ver-
sus 29 [IQR, 20-36]; P<.001). Examples of different degrees of
tortuosity of the IICA and VBS are reported in Fig 3. A multivari-
ate logistic regression model, including the TT of Al and VBS as
well as age confirmed the VBS TT to be the strongest independent
predictor of LDS in patients with CTD (OR 1.68 [95% CI, 1.25-
2.44]) (Table 3).

Specificity and Sensitivity Analysis

Receiver operating characteristic curve analysis of the intracranial
TI for the binary outcome of LDS versus Marfan syndrome
showed the VBS TI to be the best classifier, with an area under
the curve of 0.84 (Fig 4). The “optimum” cutoff value of the VBS
TI for maximizing sensitivity and specificity was 48, which
yielded a sensitivity of 77% (95% CI, 56%-91%) and a specificity
of 91% (95% CI, 76%-98%), with a positive likelihood ratio of
8.46 (95% CI, 2.82-25.40) and a negative likelihood ratio of 0.25
(95% CI, 0.12-0.52). When maximizing specificity for a value of
sensitivity of at least 50%, a VBS TI > 60 returned a specificity of
97% (95% CI, 84%-100%).

To evaluate how the VBS TI performed in differentiating
patients without discriminating features of either Marfan syn-
drome or LDS, we grouped patients with Marfan syndrome with-
out ectopia lentis (n =24 [66.6% of the patients with Marfan
syndrome]) and patients with LDS without bifid uvula and/or
cleft palate and hypertelorism (n =22 [68.7% of the patients with
LDS]). When applying the previously calculated cutoff of 48 for
the VBS TI in this group of patients, it yielded a sensitivity of
82% (95% CI, 57%-96%) and a specificity of 86% (95% CI, 65%—
97%) for the diagnosis of LDS. When analyzing the ability of the
intracranial TT to discriminate between the patients with CTD
and the controls, the IICA TI and VBS TI showed similar overall
results, with an area under the curve of 0.84 and 0.87, respectively
(Fig 4), but the IICA TI allowed for a higher specificity and the
VBS TI allowed for a higher sensitivity. When maximizing speci-
ficity for a value of sensitivity of at least 50%, an IICA TI> 132
yielded a specificity of 98% (95% CI, 90%-100%). When maxi-
mizing sensitivity for a value of specificity of at least 50%, a VBS
TI> 13 yielded a sensitivity of 96% (95% CI, 88%-99%).
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FIG 3. Examples of different degrees of tortuosity of IICA and VBS. A-C, Lateral view of the right
IICA in a control (A), in a patient with Marfan syndrome (B), and in a patient with LDS (C).
D-F, Anterior view of VBS in a control (D), in a patient with MS (E), and in a patient with LDS (F).

Table 3: Multivariate model for LDS versus Marfan syndrome
by Tl and age

OR* 95% CI° P
Al 1.61 0.73-3.93 26
VBS 1.68 125-2.44 .002
Age 1.22 0.86-1.77 .28

* Computed for a 10-unit increase of the variable.

DISCUSSION

This study demonstrates that the TT can be reliably used in the
assessment of intracranial arterial tortuosity in patients with
CTDs and yields a highly reproducible quantitative measure.
Importantly, our findings confirmed, on a quantitative basis, the
widely reported association of LDS with intracranial arterial tor-
tuosity but also demonstrated a significantly higher tortuosity of
the intracranial vasculature in patients with Marfan syndrome
compared with the controls. The TT of all examined arterial seg-
ments, except for M1, showed excellent interrater reliability, with
an intraclass correlation coefficient that ranged from 0.97 to 0.99.
The highly variable distance of the M1-M2 bifurcation from the
origin of the MCA, as well as the presence of many different
branching patterns, could explain the lower interrater reliability for
the M1 segment (intraclass correlation coefficient, 0.76).

Besides the T, other quantitative methods for measuring arte-
rial tortuosity include the sum of angles metric, defined as the
sum of the deviations from the straight line (expressed in degrees)
at each point of angulation normalized by the length of the vessel,
and the inflection count metric, which is calculated by multiply-
ing the length of a vessel by the number of inflection points along
its path and then dividing it by the distance between its end
points." Although these methods are more sensitive to local tortu-
osity and are effective for measuring vessels with high-frequency-
low-amplitude coils, as in the coronary circulation, they require
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either to segment the vessel at each
point of angulation or to identify
inflection points, which makes their
measurement more complex compared
with the TI. In addition, these methods
are mainly validated for 2D analysis."*’

Diedrich et al*' used tortuosity
score curves to measure intracranial ar-
terial tortuosity in a heterogeneous
patient population, which also included
5 patients with LDS. Compared with
the TI, this method is not dependent
on the choice of 2 end points along the
vessel centerline and may be used to
compare images that contained differ-
ent lengths of the selected artery.
However, to our knowledge, no com-
mercially available software allows for
calculation of tortuosity score curves,
and this method, albeit giving a more
comprehensive estimate of tortuosity,
might have limited applicability outside
the research setting for the time being.

Although previous studies showed
that older age and female sex were associated with arterial tortu-
osity,>* the TI of the intracranial arteries did not differ signifi-
cantly between males and females in our cohort, and we did not
find any correlation between age and the TI (correlation coeffi-
cients ranged from —0.03 for Al to 0.06 for the IICA). Even
though we were not able to assess changes in intracranial tortuos-
ity over time due to the small number of patients with serial
MRA studies, the lack of a significant association between age
and the TT is in agreement with previously reported data on the
vertebral artery TT in the cervical region® and may support the
hypothesis of a relative stability of the head and neck artery TIs
over time in young patients. Although a lack of association
between older age and increased arterial tortuosity is in agree-
ment with previous studies on CTD,”” this finding cannot be
generalized to older patients due to the relatively young age of the
subjects included in this study as well as in other studies that
focused on patients with CTD. We were not able to evaluate the
association of hypertension with arterial tortuosity because all of
our patients were treated with antihypertensive drugs, either an-
giotensin II receptor blockers or $3-blockers. Current guidelines
recommend blood pressure control in individuals with Marfan
syndrome and those with LDS to reduce hemodynamic stress
and the aortic root dilation rate.'**?

Intracranial arterial tortuosity is a frequently reported neu-
roradiologic manifestation of LDS'*'® but has never been
described in Marfan syndrome. A possible explanation could be
found in the lower degree of tortuosity in Marfan syndrome
compared with LDS, which may not be conspicuous enough to
be detected by qualitative assessment. On the contrary, quanti-
tative analysis found a significantly higher intracranial TI in
patients with Marfan syndrome compared with the controls.
This finding is consistent with the increased tortuosity of the
cervical vertebral arteries previously reported in patients with



CTD vs Controls

including greater numbers of patients
with CTD and intracranial aneurysm,

are needed to further elucidate these

] results. Our results show that the in-
tracranial TI could be helpful in the
differential diagnosis between Marfan
syndrome and LDS. The VBS TI is
the strongest independent predictor
of LDS (Table 3) and yields the best
results in classifying these 2 entities
compared with other arterial seg-
ments (Fig 2), which demonstrates a
97% specificity for LDS when its
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FIG 4. Receiver operating characteristic curves for the intracranial Tl, with the outcome of LDS
versus Marfan syndrome and CTD versus controls. Dashed gray line indicates the A1 TI; solid gray

line, M1TI; dashed black line, IICA TI; and solid black line, VBS TI.

Marfan syndrome” and seems to suggest the presence of a more
widespread arterial tortuosity in this syndrome, which goes
beyond the aorta.”*?

The presence of arterial tortuosity in both LDS and Marfan
syndrome could be the expression of underlying vessel wall ab-
normality.“’lz’24 In fact, these 2 conditions share a common
pathogenic mechanism because the causative mutations of both
Marfan syndrome and LDS affect the transforming growth factor
beta signaling pathway, which results in a disturbance in biogene-
sis and maintenance of elastic fiber, which, in turn, could lead to
vessel wall weakening and clinical vascular manifestations.'***>

Increased arterial tortuosity has been associated with reduced
perfusion pressure in different vascular territories, including the
posterior circulation,’®?” but no data are available on the associa-
tion between this arterial phenotype and cerebral blood flow in
patients with CTD. Although it is possible that the intracranial ar-
terial tortuosity observed in this patient population might have
an impact on cerebral perfusion, the potential clinical implica-
tions of this association have not been elucidated.

We did not find any significant difference in the examined
clinical variables between patients with Marfan syndrome and
patients with LDS, except for a higher prevalence of peripheral ar-
tery dissection in the latter (Table 1). This result is in contrast
with early reports of LDS, which describe a more severe clinical
course in this patient population compared with Marfan syn-
drome.*” Nonetheless, our findings are congruent with more
recent studies,” a possible explanation being the wide phenotypic
variability of patients with LDS, even among individuals who

belong to the same family'>*®

as well as the tendency of early
reports to characterize the most severe cases.
Although previous studies showed higher arterial tortuosity of

head and neck arteries in patients with intracranial aneu-
20,29,30

rysm,
between the patients with LDS and with or without intracranial an-

we did not find any significant difference in tortuosity

eurysm. This finding may suggest a difference in some of the
underlying mechanisms of aneurysm formation in patients with
CTD compared with the general population, but further studies,

T T T T
0.4 0.6 0.8 1.0

1 - Specificity

value is > 60.

No formal diagnostic criteria have
been established for the diagnosis of
LDS, which is currently based on the
presence of a mutation in one of the
known LDS genes in a patient with
aortic aneurysms or dissection."”
Nevertheless, some of these patients may not undergo genetic
testing due to a misdiagnosis of Marfan syndrome. According to
the Revised Ghent Nosology,” Marfan syndrome can be diag-
nosed without genetic testing in the presence of aortic root dila-
tion (Z > 2) and either ectopia lentis or a systemic score of >7 if
no discriminating feature of LDS or other CTDs are present.
Although ectopia lentis is not reported in LDS, many of the fea-
tures included in the systemic score can also be found among
these patients, including scoliosis, pes planus, anterior chest de-
formity, spontaneous pneumothorax, joint hyperextension, mi-
tral valve prolapse, and dural ectasia.'®"? In addition, craniofacial
anomalies that are absent in Marfan syndrome, such as bifid
uvula, cleft palate, and hypertelorism, are not always found in
patients with LDS.’

In our cohort, 24 patients with Marfan syndrome (66.6%) did
not show ectopia lentis and 22 patients with LDS (68.7%) had
neither bifid uvula and/or cleft palate nor hypertelorism. The
VBS TI also demonstrated high sensitivity and specificity in this
group of patients. In the absence of ectopia lentis, an increased
VBS TI, therefore, should prompt genetic testing, even if charac-
teristic craniofacial features are lacking, to avoid misdiagnosis of
patients with LDS. All the examined arterial segments show a sig-
nificantly higher tortuosity in both Marfan syndrome and LDS
compared with the controls. An increased intracranial TI, there-
fore, may raise the suspicion for CTD in the appropriate clinical
setting. IICA and the VBS TT demonstrated similar overall results
in classifying patients and controls, but the IICA TI showed a
higher specificity for CTD, which reached 98% for values > 132.

Limitations

The present study has some limitations, including its retrospec-
tive nature and the small number of enrolled patients. In addi-
tion, the study design did not allow estimating CTD prevalence,
which thus precluded computation of positive and negative pre-
dictive values. Because our control group had similar demo-
graphic characteristics to the CTD group and included only
healthy subjects, without cardiovascular risk factors, our data on
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intracranial tortuosity cannot be generalized to older individuals
or those with comorbidities, for example, hypertension, because
these factors are known to be associated with increased vascular
tortuosity. Our sample is limited to Marfan syndrome and LDS,
therefore, our results need to be validated in larger prospective
studies, enrolling a larger number of subjects and also including
patients with other CTDs.

CONCLUSIONS

Our results confirmed a significantly increased tortuosity of the
intracranial vasculature in LDS compared with Marfan syndrome
and controls but also demonstrated that patients with Marfan
syndrome have significantly more tortuous intracranial arteries
compared with healthy subjects, which has not been previously
reported. The TI of the intracranial arteries is an easily calculated
and highly reproducible measure, which shows a high specificity
for CTD and may raise the suspicion for the diagnosis of Marfan
syndrome or LDS in the appropriate clinical setting as well as
helping in differentiating between these 2 entities.
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