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Background: Assessments of subclinical connective tissue disorders depend on complex approaches, emphasizing
the need for more accessible methods applicable to clinical routine. Therefore, we aimed to establish a
reliable approach assessing cervical vessel tortuosity, which is known to be associated with such disorders.
Methods: Magnetic resonance angiography (MRA) images of ReSect study participants [single-center
prospective cohort of spontaneous cervical artery dissection (sCeAD) patients] were used. Each patient
underwent the same magnetic resonance imaging (MRI) protocol. The segmentation procedure was done
using MATrix LABoratory 9.4 [up-sampling of raw MRA images, distance metric (DM) calculation],
ITK-SNAP [region of interest (ROI) determination, vessel segmentation] and Vascular Modelling ToolKit
(centerline determination). To assess inter-user variability and validity, we (I) had two blinded independent
users segment all arteries and we (II) compared the results of our method to visual appraisal of vessel
tortuosity done by two blinded expert neuro-radiologists.

Results: A total of 526 extracranial cervical arteries were available for analysis. The inter-user variability
of our method users was below 0.5% throughout. Overall, our method outperformed the visual tortuosity
appraisal, as the visual grading underestimated the DM in 38.8% subjects when tasked to assess overall
cervical artery tortuosity (both vertebral and internal carotid arteries) and in 16.6% and 33.3% respectively if
tasked to grade anterior or posterior circulation separately.

Conclusions: We present a reliable method to assess cervical artery tortuosity derived from MRA images
applicable in clinical routine and future research investigating the potential correlation of sCeAD and

connective tissue disorder.
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Introduction

Subclinical connective tissue disorders have long been
a topic of interest concerning the pathophysiology of
spontaneous cervical artery dissection (sCeAD) (1-4).
As clinical stigmata of connective tissue disorder are
undependable, today’s assessment of these underlying
conditions depend on complex analyses, such as proteomics-
based approaches (2,5). Therefore, there is obvious need
for more readily available and easy to use biomarkers to, for
instance, identify patients at risk of dissection recurrence on
a long-run. Arterial tortuosity, defined by elongation and
increased twisting and turning of arterial vessels, is known
to be increased in hereditary connective tissue disorders
with higher tortuosity indices directly correlating to the
probability of arterial dissection in such patients (6-10).
Therefore, we aimed to establish a reliable method to assess
extracranial vessel tortuosity.

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the institutional ethics committee of the
Medical University of Innsbruck (EK#UN5072;325/4.1)

and all patients provided appropriate informed consent.

Patient cohort

A sub-sample of the ReSect study was used to establish
our imaging methodology (2,11,12). In short, the ReSect
study is a prospective cohort study and primarily consists
of patients with sCeAD treated at the Medical University
of Innsbruck between 1996 and 2016. For study inclusion,
dissection related intramural hematoma in T1-weighted
fat-saturated magnetic resonance imaging (MRI) was
mandatory for each patient. During a study-specific
in-house visit, a 3-Tesla contrast-enhanced MRI was
performed, using the step-by-step process as listed below.
Additionally, healthy controls without pre-existing cerebro-
or cardiovascular disease were collected within the ReSect
study.

Imaging methodology

MRI was performed on the Neuroimaging Research Core
Facility, which is a 3-Tesla whole body system (Verio,
Siemens, Erlangen, Germany) employing a 12-channel
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head coil, a neck-coil and a large flex body array coil,
each consecutively covering brain, neck, torso and
pelvis. All patients were scanned head first in the supine
position. Every subject underwent a whole brain MRI for
structural clarification. For the arterial magnetic resonance
angiography (MRA, Angio3D), standard procedure 3D
MRA was performed. In short, the same flash 3D sequence
was acquired twice, one before and one after contrast agent
injection. For each patient, two overlapping 3D imaging
blocks were coronal attained, one covering the anatomical
area from top of the brain to the aortic arch and the second
part from there on downwards to the aortic bifurcation.
As contrast-enhanced MRA is very sensitive to contrast
arrival in the region of interest (ROI), two different timings
of bolus injections were operated, for each imaging block,
respectively.

Segmentation and analysis

The raw MRA images were first up-sampled using MATrix
LABoratory (MATLAB) 9.4 (The MathWorks, Natick,
MA, USA). Vessel segmentation was performed using
the up-sampled MRA-imaging data of all cervical arteries
using I'TK-SNAP (http://www.itksnap.org/) (13). The
segmentation procedure in ITK-SNAP consists of the
following steps.

(D ROI determination

An example for the following procedure is depicted in
Figure 1. First, as the ROI corresponds to a rectangular
cuboid in ITK-SNAP, we determined the coordinates of its
corners (Figure 14). To define these coordinates, the axial
view of our up-sampled MRA images was used (Figure 1B).
Then, to identify a start- (y,,,) and end-point (y,,;,), the
artery was visually traced to the point of exit from the
corresponding proximal or distal vessel. The cursor
inspector in I'TK-SNAP consequently delivers the y,,, and
Vmin coordinates (Figure 1C). To obtain x,,, and z,;, values,
we began by using the y,;, slice of the MRA images and
applied the ITK-SNAP cursor, which divides each slice into
four rectangles. A user then continuously traced the studied
artery downwards towards y,,,, and consequently modified
the cursor position so that the studied vessel remained in
the lower left rectangle (Figure 1D, panel D1). The final
cursor position delivered x,,;, and z,;,. The last coordinates,
Xpax a0d 7., are obtained in the same way, but the studied
artery had to remain in the upper right rectangle of the
ITK-SNAP cursor (Figure 1D, panel D2).
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Figure 1 Determination of the ROI. (A) Schematic illustration of ROI cuboid; (B) identification of studies artery; (C) definition of start and
end-point (V. Vimin) coordinates of the artery; (D) cuboid side characterization (X,in/Zmin and Xpo/Zmay)- The red arrows highlight the artery of

interest currently being analyzed. ROI, region of interest.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2024;14(2):1383-1391 | https://dx.doi.org/10.21037/qims-23-1057



1386

--
--
--

Mayer-Suess et al. Tortuosity in dissection

Figure 2 Initiation and progression of vessel segmentation within the ROT using ITK-SNAP. (A) First bubble set manually in studied artery;

(B) automatic progression of vessel segmentation. RO, region of interest.

(II) Segmentation

Still using ITK-SNAP, the segmentation is initiated by
activating the Active Contour (Snake) Segmentation Mode.
After inserting the aforementioned ROI parameters, 3D
segmentation can be started. First, after selecting the
Threshold mode in I'TK-SNAP, the “Lower threshold only”
option is to be selected. ITK-SNAP subsequently delivers
the automatic segmentation threshold (AST) value, which

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

derives from the distribution of intensity values in the ROI.
In vertebral arteries, due to the smaller diameter, we chose
a corrected AST (AST x0.75). Next, the AST is set as the
lower threshold. Consequently, the cursor is set in the center
of the investigated artery and, with the bubble radius set at
2, a bubble is added at the cursor (Figure 24). “Continuous
Update Option” is selected and run, which initiates the
segmentation in a 3D-view (Figure 2B). If the artery is fully
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Figure 3 Centerline generated by VMTK. VMTK, Vascular Modeling Toolkit.

segmented, the data can be exported as surface mesh. If not,
an additional segmentation is done by reapplying the above-
mentioned steps the attain ROI values but only containing
the unsegmented part of the artery and either smaller
correction of the AST (e.g., AST x0.5) is needed or manual

segmentation correction via the paintbrush tool is done.

(III) Centerline determination

The centerline of the studied artery is determined through
the Vascular Modeling Toolkit (VMTK) (http://www.vmtk.
org/; version 1.4.0). In VMTK, we highlight the beginning
and end of the segmented artery. Thereafter, the centerline
is computed. We refer to (http://www.vmtk.org/tutorials/
Centerlines.html) for the technical details. In the data
supplement, in the file “vmtk.txt” (https://cdn.amegroups.
cn/static/public/qims-23-1057-vmtk.txt), we present the
employed by use VMTK commands (data supplement 1:
vmtk.txt; https://cdn.amegroups.cn/static/public/qims-23-
1057-vmtk.txt). VMTK generates the centerline as a sequence
of points with the coordinates (x,, y;, z), i = 1,..., N (Figure 3).

(IV) Distance metric (DM) calculation

The DM is the ratio between the length following said
centerline and the straight-line distance between its two
endpoints. Assuming that the centerline is a piecewise linear
curve with the knots (x;, , z;) , the DM is then calculated by
the following formula:

DM = Z,A: \/(xm - X )2 +(yi+1 — Vi )2 +(Zi+1 —Z )2

\/(xN—x])2+(yN _y1)2+(ZN_Z|)2

The scripts that are used in our method can be found in

(1]

the data supplement (data supplement 2: main.m; hteps://
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cdn.amegroups.cn/static/public/qims-23-1057-main.m).

Validation

"To assess reproducibility and validity, a two-step validation
process was performed. First, all vessels of each included
subject were segmented by two blinded independent users,
both being inexperienced in neurovascular anatomy or neuro-
radiological imaging interpretation, to assess inter-user
variability of our methodology. The second step included
a two-part visual appraisal of vessel tortuosity using 3D
rotatable maximum intensity projection images of the MRA
done by two blinded expert neuro-radiologists (S.M. and
E.R.G.), which to-date is considered the gold standard of
tortuosity interpretation. Both visual graders received the
identical subset of subjects. Initially, both graders were tasked
to allocate 18 subjects concerning their overall impression of
cervical artery tortuosity into three groups: (I) no tortuosity;
(IT) medium tortuosity; and (III) high tortuosity. The selection
process for these subjects consisted of splitting the DM values
obtained through our method and picking subjects with all
four cervical arteries in either the first-, second-, or third-DM
value tertile at random. Lastly, both graders were tasked to do
the same but only grading the anterior or posterior circulation
in six subjects respectively (i.e., 12 total).

Variable definitions

Tortuosity

Tortuosity was assessed through the DM, with the DM
being the ratio between the real length (along the center
line) of the vessel and the straight-line distance between the
start- and endpoint of the vessel.
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Figure 4 Examples of segmented VA and the corresponding

centerline for one patient. VA, vertebral artery.

Table 1 Inter-user variability in percent between two raters for the DM

Cervical arteries Right Left

VA (%) 0.0881+0.1955 0.1055+0.1174

ICA (%) 0.2057+0.4056 0.1548+0.1709

Values are given in mean + standard deviation. DM, distance
metric; VA, vertebral artery; ICA, internal carotid artery.

Results
Cobort

In total, 174 individuals, 148 patients with sCeAD and
26 healthy controls, took part in the ReSect study. After
excluding those without magnetic resonance (MR) (i.e.,
due to agoraphobia), data of 249 vertebral artery (VA) and
277 internal carotid artery (ICA) MRAs were used to
establish our methodology.

Vessel segmentation

Through our step-wise method explained in detail in the
methods section a total of 526 arteries were segmented.
Examples of segmented vessels are given in Figure 4.
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Table 2 Visual ratings through grade system of cervical arteries
with 1 being low and 3 being high tortuosity

Subject Segmer?tation Visual Visual
tertile rater 1 rater 2

Subject 1 1 1 1
Subject 2 1 1 1
Subject 3 1 1 1
Subject 4 1 1 1
Subject 5 1 1 1
Subject 6 1 1 1
Subject 7 2f 17 17
Subject 8 2 2 2
Subject 9 2 2 2
Subject 10 2f 17 1t
Subject 11 3 3 3
Subject 12 3 3 3
Subject 13 3 3 3
Subject 14 3 2f 2t
Subject 15 3’ 2t 2t
Subject 16 a3t of of
Subject 17 3 2 2
Subject 18 3 2f 2f

T, underestimated subjects.

Inter-user variability of segmentation

Table 1 depicts the inter-user variability of DM values
of individual cervical arteries between the two neuro-
anatomically inexperienced raters. Throughout all
measurements, the inter-user variability remained below
1% and was especially low for vertebral arteries. No marked
side-by-side difference could be reported.

Clinical applicability—overall visual grading of all cervical
arteries

The results of the first round are given in 7able 2. In short,
both experienced neuroradiologists correctly attributed
increased tortuosity to each patient and graded tortuosity
in every subject identically. In comparison to our method
however, the gold standard of tortuosity interpretation
(visual grading by experienced neuroradiologists)
underestimated the tortuosity in 7 of the 18 (38.9%)
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Table 3 Visual ratings of anterior and posterior circulation separately

Subjects based = Segmentation Visual Visual
on circulation tertile rater 1 rater 2

Anterior circulation

Subject 1 1 1 1
Subject 2 1 1 1
Subject 3 2 2 2
Subject 4 2t 17 17
Subject 5 3 3 3
Subject 6 3 3 3

Posterior circulation

Subject 1 1* oF oF
Subject 2 1 1 1

Subject 3 2" 17 17
Subject 4 2 2 2
Subject 5 3 3 3
Subject 6 3 3 3

T, underestimated subjects; ¥, overestimated subjects.

subjects when having to give an overall opinion of all four
cervical arteries.

Clinical applicability—individual grading of all anterior
and posterior circulation

The above-mentioned difference between visual grading
and our method of tortuosity assessment remained when
neuroradiologists were tasked with solely grading the
anterior or posterior circulation or anterior circulation
separately. One of 6 (16.7%) of anterior and 2 of 6 (33.3%)
of posterior circulation subjects tortuosity was different
in visual rating compared to our vessel segmentation
measurement (Table 3).

Discussion

Neuro-radiological assessments of the cervico-cerebral
vasculature are becoming more elaborate over time.
Increased cervical artery tortuosity can for one pose an issue
in acute management of stroke patients due to the more
complicated passage of micro-catheters in endovascular
thrombectomy but has recently additionally been discussed
used as a potential biomarker in neurovascular research.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Therefore, the necessity for reliable methods to objectively
assess cerebrovascular images in the future is clear. One
example, which has become a topic of interest recently,
is extracranial vessel tortuosity, especially in patients
with sCeAD (14,15). Previous studies of cervical artery
tortuosity, however, mostly depended on 2D-analysis
of contrast enhanced computer tomography- or MR-
images, hampering the validity of tortuosity measures
which heavily depend on 3D-assessment. Therefore, we
present an optimized method, including additional self-
improved scripts with the following key strengths: First,
it is reliable, as the inter-user-variability of DM values in
two independent users, inexperienced in neurovascular
anatomy or neuro-radiological imaging interpretation who
segmented 526 individual cervical arteries, was below 0.5%
throughout. Second, it delivers more detailed measures of
vascular tortuosity compared to visual rating by experienced
neuro-radiologists. Even though our visual raters were in
line with our segmentation method concerning the yes or
no answer of vascular tortuosity being present in almost all
of the cases, they were less likely to adequately differentiate
between medium and high-grade tortuosity, especially if
they were tasked to give an overall assessment of all cervical
arteries. When addressing possible limitations of our
method, segmentation errors and definition of start- and
end-points of segmented arteries were the most pressing.
These initial road-blocks could adequately be accounted
for through our in-house developed standard operating
procedures and MATLAB scripts, which is emphasized by
our inter-user variability measurement. Lastly, applicability
to larger cohorts has yet to be proven, but is highly probable
due to the previously elaborated usability and low inter-user
variability of unexperienced users.

Conclusions

We present a reliable method to assess cervical artery
tortuosity derived from MRA images applicable in clinical
routine and future research investigating the potential
correlation of sCeAD and connective tissue disorder.
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