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Severe coronary tortuosity has previously been linked to low shear stresses at the luminal surface,
yet this relationship is not fully understood. Several previous studies considered different tortuosity
metrics when exploring its impact of on the wall shear stress (WSS), which has likely contributed

to the ambiguous findings in the literature. Here, we aim to analyze different tortuosity metrics to
determine a benchmark for the highest correlating metric with low time-averaged WSS (TAWSS).
Using Computed Tomography Coronary Angiogram (CTCA) data from 127 patients without coronary
artery disease, we applied all previously used tortuosity metrics to the left main coronary artery
bifurcation, and to its left anterior descending and left circumflex branches, before modelling their
TAWSS using computational fluid dynamics (CFD). The tortuosity measures included tortuosity index,
average absolute-curvature, root-mean-squared (RMS) curvature, and average squared-derivative-
curvature. Each tortuosity measure was then correlated with the percentage of vessel area that
showed a<0.4 PaTAWSS, a threshold associated with altered endothelial cell cytoarchitecture and
potentially higher disease risk. Our results showed a stronger correlation between curvature-based
versus non-curvature-based tortuosity measures and low TAWSS, with the average-absolute-
curvature showing the highest coefficient of determination across all left main branches (p<0.001),
followed by the average-squared-derivative-curvature (p=0.001), and RMS-curvature (p=0.002). The
tortuosity index, the most widely used measure in literature, showed no significant correlation to low
TAWSS (p=0.86). We thus recommend the use of average-absolute-curvature as a tortuosity measure
for future studies.

Abbreviations

CFD Computational fluid dynamics

CTCA  Computed tomography coronary angiography
LMCA  Left main coronary artery

LAD Left anterior descending artery

LCx Left circumflex artery

RMS Root-mean-squared

SCAD  Spontaneous coronary artery dissection
TAWSS  Time average wall shear stress

d Vessel diameter

q Volumetric flow rate

T Tortuosity index

Kq Average-absolute-curvature

Ky RMS-curvature

Kd Average-squared-derivative-curvature
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Mild coronary tortuosity, marked by larger vascular bending angles, is common and can even be found in people
lacking coronary artery disease!2. Strong tortuosity is a clinical anomaly, however, and defined by tight vessel
curvature or bending®. Increased coronary tortuosity has been reported in patients suffering from spontaneous
coronary artery dissection (SCAD)*, a condition with a high prevalence in females, and a global scoring system
based on the number and angle of curves in the coronary arteries has been proposed for the use in evaluating tor-
tuosity in these patients*. Increased coronary and other vascular tortuosity is also more common in the elderly’,
and those with hypertension®. Tortuosity has also been associated with inherited arteriopathies, such as Loeys-
Dietz Syndrome and Marfan Syndrome?®. It is hypothesized that the mechanism linking severe coronary tortuosity
to adverse clinical outcomes is that tortuosity-induced blood flow alterations result in non-physiological, adverse
shear stress at the luminal vessel wall”®. However, coronary tortuosity has been reported to be more common in
women albeit, paradoxically, women have less severe coronary artery disease than men®. Together, the clinical
relevance of tortuosity has yield inconsistent and contradictory results'*-12,

Several studies have aimed to understand the link between blood flow and tortuosity in coronary arteries,
whereby two different tortuosity metrics have been predominantly used: (i) the tortuosity index**'*!*, defined
as the ratio between the length of a vessel segment and the distance between its start and endpoint, and (ii) the
absolute-curvature measure>>'>1>-2%, These were studied in both idealized>'*!* and patient-specific computational
models>!>!*16, and experimental work was also undertaken for idealized'®'® and patient-specific coronaries.

Much of the available literature is focused on factors affecting Wall Shear Stress (WSS)*! or equivalently
Endothelial Shear Stress (ESS). Low WSS values have been associated with higher disease risk, whereby in vivo
studies in rabbit** and swine® have shown close association between areas of low WSS and endothelial cell
proliferation leading to neointimal hyperplasia. Computational studies, which have used idealized models***,
have reported that increased vessel tortuosity adversely effects flow resulting in higher flow helicity and overall
lower WSS.

Patient-specific geometric considerations were found to dampen this effect overall®, which is likely due to
small local changes in curvature on the arterial surface. For patient-specific studies, there appears to be a general
disagreement between the specific effects of tortuosity on haemodynamics in the separate branch segments of
the left main coronary. Specifically, when using the tortuosity index as a measure, there was a strong correlation
between tortuosity and larger areas of low shear stress only in the left main coronary artery (LMCA) and left
arterial descending (LAD) artery>'¢. For tortuosity in the left circumflex (LCx) artery, one study showed a weak
correlation? with low Time Averaged WSS (TAWSS) whereas another showed a strong negative correlation'.
Contrary to both these findings, another study found that the wall shear stress in LMCA decreased overall with
tortuosity®. When absolute-curvature was used as the tortuosity measure, no correlation was found between
vessel shape and TAWSS?, yet others reported a strong negative correlation between LCx artery curvature and
TAWSS!S.

It becomes apparent that there remains a lack of understanding of the effect of tortuosity and how to best
measure its clinical impact. Tortuosity index is the most commonly used tortuosity metric due to its ease of
calculation and clinical applicability, and thus is the most widely published measure in this context. However,
Fig. 1 shows an example where the reliance on the tortuosity index can lead to aberrant results. In fact, following
the mathematical definition of tortuosity in 3D space? described as 3D curves, the definition of tortuosity index
does not account for actual tortuosity in 3D space. However, the tortuosity index has been deemed a useful metric
in clinical practice and research due to its ease of calculation and clinical applicability with 2D medical imaging,
given that many important coronary imaging modalities (invasive CA and CTCA) utilize 2D representations
of 3D structures. As a result, it is commonly considered as a clinically relevant measure and has been widely
published as a measure for arterial tortuosity.

The main aim of this study is therefore to explore major tortuosity measures and their ability to predict low
TAWSS (< 0.4 Pa) values that are non-physiological. To do so we consider the largest number of patient-specific
left main coronary geometries to date (n=127, n=8 being the largest number considered previously*>'?), but also
include tortuosity measures which are commonly used in other vessels. Specifically, we analyzed (i) the tortuosity
index commonly used in the carotid®, retinal'’, cerebral®” and abdominal arteries?, (ii) the absolute-curvature
used in carotid®, femoral® and retinal vessels*'~**, (iii) the squared-curvature used in retinal vessels****, and (iv)
the square-derivative-curvature®. With this study design, we aim to make a meaningful recommendation for a
tortuosity measure most suited for analysis of hemodynamics, and one that has important clinical implications.

Methods

Left main coronary artery geometries. We previously published on the process of data and image
acquisition®. Briefly, coronary artery bifurcations were reconstructed from 127 (CTCA) images collected after
obtaining written, informed consent with approval by the University of Auckland (Ref. 022,961) and UNSW
Human Research Ethics Committees (Ref. HC190145). The research was conducted in accordance with the
Declaration of Helsinki and the Australian National Statement on Ethical Conduct in Human Research. The
patients had coronary artery disease symptoms and thus underwent a CTCA but showed no obstruction and had
a zero-calcium score. For virtual reconstruction, the images were segmented using OsiriX 4.1.2 with the CMIV
CTA plugin and the surface meshes were generated using MiaLite. Surface smoothing was carried out using the
open-source Vascular Modelling Toolkit (version 1.4.0, VMTK) using Taubin’s Smoothing® with a passband
frequency of 0.03 and 30 iterations. An unstructured tetrahedral volumetric mesh was then created for compu-
tational analysis, which included entrance and exit extensions of four times the vessel radius. The mesh size and
time-step were selected based on a sensitivity study, with <1% change in TAWSS when doubling mesh density
or halving timestep size (see supplementary material for details). A radius adaptive meshing method was used,
that generates denser meshes in narrower regions, hence long or narrow vessels would have the highest num-
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Figure 1. The behavior of mean curvature is more consistent and intuitive than the tortuosity index, in both
2- and 3-dimensional cases (left to right). Among the two lines shown, the one with an extra curved segment
(red) has a greater mean curvature, but a significantly lower value of tortuosity index compared to the line with
only a single bend (blue). This highlights an inherent issue with metrics such as tortuosity index, which do not
consider the entire geometry.

LCx

Figure 2. Computational dynamic mesh generated, with the vessel centerline shown in red.

ber of elements. The average number of elements was 1.85x 10°+0.25x 10° (mean * std. dev.) with an average
density of 5790 +4373 elements/mm? (std. dev. 4373). Five boundary layers were used to allow near wall values
to be resolved accurately. Figure 2 shows an example mesh generated and the vessel centerline. The Vascular
Modelling Toolkit (VMTK)?® was used to calculate and smooth the centerlines based on the surface mesh. Each
branch of the bifurcation was sliced after a length of 10 mm from the bifurcation point. The centerlines were then
resampled with equal spacing of 0.01 mm to minimize errors that would be introduced based on discretization.

Tortuosity metrics. Major measures of tortuosity are 3-dimensional and include the tortuosity index,
average absolute-curvature, RMS curvature, and average squared-derivative-curvature, which are explained in
detail, as follows, and in Table 1 and Fig. 3.
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Measure Symbol | Formula Previous work which used these tortuosity measures
Tortuosity index T % 1230

Total absolute-curvature* Kta 2 K(t)dt 31,3940

Total squared-curvature* Kir 2 Amde |

Average absolute-curvature Ka /i :f 3 L(t)dt 31

]
RMS-curvature Kr [ s K;(f)df 31

P ty di(t) \2 5
Average squared-derivative-curvature | kg4 g dt %
L

Table 1. Overview of tortuosity measures. L = length of vessel, C=length of chord between vessel ends, k =
curvature. *The total absolute-curvature and the total squared curvature are not considered in this study, since
these metrics are not scale invariant and dependent on the arc length of the vessels.
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Figure 3. Sample representation of analyzed tortuosity metrics. Top left, the tortuosity index is the ratio of the
length of the centerline (L) to the chord between its ends (C). The metrics used to calculate tortuosity index
represented here through the centerline of the vessels because of curvature measures. The absolute-curvature

is the normalized mean of the curvature moduli over the centerline, while the RMS curvature penalizes larger
values of curvature. The average squared-derivative-curvature rises when there is a sudden change in curvature.
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LMCA LAD LCx
Metric x +SD | X +SD | % +SD
Tortuosity index T 1.01 |0.01 1.02 |0.03 1.03 |0.03
Average absolute-curvature Ka 0.40 |0.11 |0.51 |0.10 |0.50 |0.08
RMS-curvature Kr 0.67 |0.17 0.76 |0.14 0.74 |0.11
Average squared-derivative curvature K4 0.06 |0.03 0.08 |0.03 0.07 |0.02

Table 2. Mean (x) and SD values of tortuosity metrics studied in 127 left main bifurcations.

e Tortuosity Index: The most commonly used tortuosity measure, which is the ratio of the length of a vessel
segment to the distance between its start and endpoint'.

® Average Absolute-Curvature and RMS-Curvature: Curvature, as considered here, is the reciprocal of the
radius of curvature at a particular point on the centerline of the vessel. The Average Absolute-Curvature and
RMS Curvature represent the absolute average and the root mean square over the physical length of the vessel
respectively®!*%,

® Average Squared-Derivative-Curvature: Equal to the integral of the square of the derivative of the curvature,
averaged over vessel length; described by Patasius et al.** as another curvature-based tortuosity measure.

The described tortuosity metrics were calculated separately for the LMCA, LAD and LCx vessels, yielding
a total of 12 values (4 metrics x 3 branches) for every patient (x 127) forming a total of 1524 considerations.

Computational modelling. A parabolic flow profile was prescribed at the inlet and constant pressure of
0 atm at the outlet?*. The constant pressure outlet has also been a common assumption in published literature*>*
and is generally accepted for healthy vessels since realistic outlet conditions are often not available, and because
of previous published validation with in vitro data*’. The velocity-time profile and flow rate were adapted from
previous studies®®, and the flow was scaled according to equation developed by Giessen et al. (g = 1.43d">°
) using the inlet radii*. The Carreau-Yasuda model*® was used to simulate blood rheology. The walls of the
artery were assumed to be rigid, in line with a previous study demonstrating that the modeling fluid-structure
interaction led to less than 2% changes in TAWSS®. These boundary conditions follow the recommendations
based on the published recommendations® for cardiovascular studies. The CFD analyses were conducted using
ANSYS CFX (version 18.2) on a high-performance computing cluster (Katana, University of New South Wales)
using 16 core Intel Xeon CPUs and 32 GB RAM. Each simulation took an average of 2 h and involved an initial
steady-state simulation followed by a transient simulation spanning four cardiac cycles. Results were obtained
from the fourth cycle to minimize transient start-up effects. The High Resolution Scheme is used to discretize
the advection terms of the Navier Stokes equations, and the Second Order Backward Euler scheme is used to
discretize the transient terms. The CFL number was below 5°! and raw residuals of the governing equations are
normalized® to satisfy a convergence criterion of 10~ for all variables. The average Reynolds Number was below
120, and a laminar fluid model was applied.

Statistical analysis. The result parameter for the 127 patient-specific bifurcations was the normalized ves-
sel area exposed to the commonly used threshold of TAWSS < 0.4 Pa, which is considered as non-physiologically
low®. Only the original bifurcation region, without the flow extensions, was considered for the area calculation.
A multivariate linear regression analysis was conducted to assess the performance of each tortuosity metric in
explaining low shear stress. Models with the highest coeflicient of determination (adjusted for number of pre-
dictors, i.e. adjusted R?) were deemed to be superior in predicting low shear stress prevalence, as they explain a
larger portion of the shear stress variation. The obtained values of p-value were divided into three groups, indi-
cating a significance level of 0.05 (*), 0.01 (**) and 0.001 (***).

Results

Tortuosity values. Table 2 shows the mean and standard deviation of the tortuosity measures tested. As
these measures have a very different mean and standard deviation, it would be prudent to first normalize the
distributions to the same mean and standard deviation. Figure 4 shows the normalized distribution of the tor-
tuosity metrics. Table 3 shows statistical measures of the distribution’s shape measuring kurtosis, how thick the
distribution’s tails are compared to a normal distribution, which has a kurtosis of 0, and skewness, with zero
skewness indicating a symmetrical distribution and positive skewness indicating right-skewed distribution. The
tortuosity index shows large deviations from a normal distribution with large values of skewness and kurtosis.
Average curvature, while still not statistically normally distributed, is generally the closest tortuosity metric to a
normal distribution. This would reduce the spurious effects on common statistical methods with the assumption
of the data being normally distributed.

Correlation to low TAWSS.  Results for all measures are summarized in Table 4, reporting R* and p-values
for all left main segments in all 127 cases. The absolute-curvature showed a significant correlation to the per-
centage vessel area coverage of low TAWSS in the LMCA and LAD segments, and a similar trend for the LCx.
For both RMS curvature and average squared-derivative-curvature, a significant correlation is observed for the
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Figure 4. Normalized distribution of tortuosity metrics (n=127).

Whole
LMCA LAD LCX bifurcation
Metric Kurtosis | Skew | Kurtosis | Skew | Kurtosis | Skew | Kurtosis | Skew
Tortuosity index 10.13 2.71 8.06 2.53 10.18 2.9 9.46 2.71
Average-curvature 2.38 1.12 1.43 1.02 0.64 091 1.49 1.02
RMS-curvature 20.65 3.76 1.99 1.21 0.21 0.67 7.62 1.88
Average squared-derivative-curvature 63.25 7.68 1.52 1.29 0.51 1.0 21.76 3.32

Table 3. Kurtosis and skewness of tortuosity metrics studied in 127 left main bifurcations and LAD and LCx

branches.
Complete

LMCA LAD LCx bifurcation

R? p-value R? p-value R? p-value |R? p-value
Tortuosity index -0.011 0.660 0.026 0.099 0.007 | 0.276 —-0.018 | 0.865
Average absolute-curvature 0.196 <0.001*** 1 0.232 <0.001*** | 0.061 | 0.013* 0.112 | 0.001***
RMS-curvature 0.113 <0.001*** | 0.164 <0.001*** | 0.010 | 0.236 0.093 | 0.002%*
Average squared-derivative-curvature 0.086 0.003** | 0.160 <0.001*** | 0.007 | 0.274 0.101 | 0.001***

Table 4. Tortuosity metrics statistical correlation to the low TAWSS <0.4 Pa normalized vessel area coverage.
Higher R? indicates better performance, i.e. the predictors account for a larger proportion of the variance
observed in TAWSS. Note that R? has been adjusted for multiple predictors and hence may be negative
particularly for underperforming models. *p <0.05; **p<0.01; ***p<0.001.

LMCA and LAD, yet there is no trend for the LCx segment. Interestingly, for the commonly used tortuosity
index, no correlation is observed overall (p>0.05). For the LCx branch, the only correlation is observed for the
absolute-curvature, (p <0.05), making this the only metric with a statistically significant correlation between low
TAWSS and LCx value. A sample low TAWSS contour is shown in Fig. 5. It can be seen that vessels with higher
curvature result in areas of low TAWSS on the outer wall of the curve.

Discussion

The current work utilized a statistical analysis of CFD results from the evaluation of 127 patient-specific left main

coronary bifurcations, to determine which among four tortuosity metrics—tortuosity index, average absolute-

curvature, RMS-curvature, or average squared-derivative-curvature—would better explain variations in TAWSS.
First, we demonstrated that curvature-based metrics consistently perform better than the tortuosity index—

the most widely used metric in literature, explaining a significantly larger proportion of the variation in shear

stress between patients. Curvature based metrics accounted for 6-27% of TAWSS variance, with an average of
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Figure 5. Example of low Time Average Wall Shear Stress (TAWSS) contour.

10% for the whole bifurcation, compared to the tortuosity index, which could not explain any amount of TAWSS
variance. Second, the tortuosity metrics show different distributions, with the average curvature metric closest
to a normal distribution and the tortuosity index being the most dissimilar to normal distribution. Moreover,
we did not find a significant relationship between the tortuosity index and low TAWSS. However, a significant
positive relationship was discovered between curvature-based indices and low TAWSS area coverage.

Curvature-based metrics are based on the change of the vessel centerline trajectory from a straight path. These
variations will require changes in blood flow direction and can have a notable impact on TAWSS. Compared to
average absolute-curvature, RMS-curvature additionally accentuates sharp turns and average squared-derivative-
curvature accentuates segments with rapidly changing curvature. Our results showed average absolute-curvature
performing better than others, indicating the additional complexity accounted for by the other two metrics did
not play a significant role.

Nevertheless, in clinical context, with coronary angiograms considered the ‘gold standard’ when assessing
coronary artery pathology, only 2D representations of 3D coronary vessels are imaged. In CTCA studies, much
of the vessel analysis is also performed on raw 2D images, because 3D reconstructions are considered more
prone to error magnification. Therefore, the tortuosity index is currently of great popularity in the clinical set-
ting. However, based on our findings, the average curvature-based metrics appears to be markedly superior to
the tortuosity index in predicting the occurrence of a low TAWSS in coronary arteries.

Previous studies that have used tortuosity index to correlate shear stress in coronary arteries>!* have obtained
higher averages and wider spreads of TAWSS in comparison to our reported values here. However, these studies
are not directly comparable as they measured tortuosity beyond the LMCA segment where tortuosity charac-
teristics may change. Moreover, a large range of methodologies has previously been used within literature which
hinders a clear comparison of results. For example, previous studies have calculated curvature immediately at the
bifurcation point®® rather than for the whole vessel segment, combined LMCA-LAD and LMCA-LCX branches
rather than considering them separately?, modeled a steady-state fluid flow instead of accounting for the transient
cardiac cycle?, or used the total curvature metric instead of the average®'®, which is not scale-invariant and would
be affected by the length of the vessels. Small sample sizes in previous literature (maximum of 8 patient cases>'?)
may also contribute to disagreement in comparison to our 127 patient cases. To our knowledge, no other study
has utilized RMS-curvature or average squared-derivative-curvature for coronary arteries before, yet these have
been found relevant for retinal vasculature®*.

A limitation of this work is that other coronary shape characteristics, such as the vessel diameter profile, may
also affect the hemodynamic correlation predicted and may even have interdependent effects with tortuosity™*.
However, as this is a comparative analysis, it should be interpreted not as an attempt to predict TAWSS solely
from tortuosity since other arterial geometric characteristics likely have an interdependent effect™, and thus it
is sensible that the R? values obtained are low. Rather, this work presents a comparison between different tor-
tuosity metrics in a large coronary artery cohort. Near-wall effects and the surface roughness of arterial walls
after reconstruction may also impact the quantitative values of hemodynamic computed in a similar manner®.
Additionally, a constant pressure outlet condition is used due to the unavailability of patient-specific data, which
may result in different behavior compared to in-vivo blood flow. Finally, this work only considers the left main
bifurcation, and the results may not be applicable to downstream vessels.

Overall, previous investigators used different tortuosity metrics that make uniform interpretations of results
across studies difficult. Here, we showcased the variations in the correlations with TAWSS as a result of these
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metrics, highlighting the need for a predictive tortuosity metric. We demonstrated that curvature-based metrics
perform better than the commonly used tortuosity index when correlating to coronary bifurcation hemodynam-
ics, possibly since they account for small-scale anatomical variations within the vessel and are independent of
the vessel distance considered.

With the tortuosity index not accurately capturing a “global” metric of a curve, this result is overall not
surprising. However, its prominence to date in research is largely derived from the ease of use and applicability
to common 2D imaging in the clinical context. Still, we hope to herewith increase the understanding of such
assessment to advocate its significant shortcomings for meaningful results, which may have mitigated coherency
in interpretation of relevant clinical observations to date. Hence, we propose that the average absolute-curvature
is a more appropriate metric for coronary tortuosity considerations rather than the commonly used tortuosity
index and should therefore be used as a new benchmark measure in future research. Clinically, this may help to
better link coronary artery anatomical anomalies to adverse clinical events such as SCAD.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.
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