L))

Check for
updat

Original Articl
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assessment captured by computed tomographic angiography in
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Background: The ophthalmic artery (OA) was first reconstructed using computer software. The structural
differences of ophthalmic arteries in non-arteritic anterior ischemic optic neuropathy (NAION) and normal
eyes, in addition to hemodynamic alterations, were assessed.

Methods: Thirty-one NAION eyes, 19 uninvolved eyes with NAION, and a control group of 26
healthy eyes were retrospectively included. Computed tomographic angiography data were recorded, and
corresponding three-dimensional OA models were constructed. Initial OA and internal carotid artery (ICA)
diameters and the angle between them were analyzed. Three different OA models were used to evaluate
hemodynamic performance. The statistical relationships between the initial diameters of the OA and ICA
and the angle between the OA and ICA were described.

Results: OA diameters in NAION eyes were significantly smaller than those in both uninvolved and
healthy eyes (P<0.05). There was no significant difference between uninvolved and healthy eyes (P=0.31).
The initial ICA diameter and the angle between the OA and ICA did not significantly differ among the three
groups. In the three models, the blood flow velocity in the initial ophthalmic arteries of uninvolved eyes was
higher than that in the NAION eyes. The mass flows of the right and left ophthalmic arteries, accounting
for the ipsilateral ICA in the control model, were 0.57%. However, these values in uninvolved and NAION
eyes were 1.36% and 0.25%, respectively.

Conclusions: NAION is associated with a smaller initial OA diameter, which may be related to
hypoperfusion. To our knowledge, this is the first pilot study to analyze hemodynamic alterations using OA

models.
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Introduction

Non-arteritic anterior ischemic optic neuropathy (NAION)
is a disease characterized by acute, painless optic disc
swelling with accompanying visual loss or visual field
defects (1). It is the most common type of acute optic
neuropathy and induces severe visual impairment in
individuals over the age of 50 years (2). Although various
etiologies have been reported to cause NAION, the exact
pathogenic mechanism remains unclear. NAION appears to
be a multifactorial disease (3). It is most frequently caused
by transient non-perfusion (4) or hypoperfusion of the optic
nerve head at the level of the short posterior ciliary arteries.
This alteration in perfusion leads to focal compartment
syndrome, which induces further ischemia. The exact
cause of the transient disturbance, however, remains
unclear. Several hypotheses have been proposed, including
vasospasm, autoregulation failure, venous occlusion, and
thrombosis. In addition, a small crowded disc is referred to
as a “structural disc at risk” for NAION.

To date, no study has investigated the structural
differences and blood flow alterations of the ophthalmic
artery (OA) between NAION and normal eyes. Color
Doppler imaging (CDI) is widely used to investigate
retrobulbar vascular parameters, including blood velocity,
pulsatility index, and resistive index, in both healthy and
diseased eyes (5). However, CDI has inherent limitations;
it is not a reliable diagnostic method for visualizing
and calculating the diameter of the OA, because it is
difficult to capture the origin of the OA and visualize the
morphological changes in the distal part of the artery. In
addition, the accuracy of CDI is influenced by the skill
of the examiner (6). Digital subtraction angiography
is the gold-standard modality for visualizing relatively
small vessels, but it is an invasive diagnostic method with
significant stroke-related morbidity because of embolic
phenomena, especially in older patients with atherosclerotic
vessels (7). Computed tomography angiography (CTA) has
become the first-line method, with an increasing number
of neurovascular imaging applications. The increase in
the number of image slices per study has enabled the
clear depiction of complex vascular trees and their nearby
structures (8).

Computer-based simulation has been used to
generate three-dimensional (3D) models and clarify the
hemodynamics in patients with brain aneurysms, coronary
artery aneurysms, and abdominal aortic aneurysms, among
other conditions (9-11). However, it has not been used in

© Annals of Translational Medicine. All rights reserved.

Wang et al. Artery model reconstruction in ischemic optic neuropathy

ocular diseases. It could be important for ophthalmologists
to further explore the pathogenic mechanisms of NAION
to overcome the abovementioned limitations experienced
in the investigation of morphological changes and flow
alterations in the OA in patients with NAION. Thereafter,
we determined the quantitative data of structural
differences by comparing normal and NAION eyes, and
we evaluated the blood flow alterations of the OA. This
is the first preliminary study to analyze the structural and
hemodynamic alterations of OAs using computer-based
simulation models.

We present the following article in accordance with the
STROBE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-6883).

Methods
Participants

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the ethics board of Beijing Friendship
Hospital affiliated with Capital Medical University Ethics
Committee (No. 2020-P2-008-01) and informed consent
was taken from all individual participants.

Patients with both healthy and NAION eyes who
visited Beijing Friendship Hospital were retrospectively
identified. All patients who were diagnosed with NAION
between January 2017 and January 2019 were considered
for our study. Patients in our study included bilateral
NAION patients. Patients whose initial OA could not be
visualized by CTA were excluded from our study. The
included patients were stratified into three groups: healthy,
uninvolved, and NAION. Healthy eyes without NAION,
fundus disease, or history of laser therapy or eye surgery
were assigned to the healthy group. The uninvolved group
included 19 contralateral eyes without a diagnosis of
NAION. The NAION group included 31 eyes based on
the following inclusion criteria (12): (I) a history of sudden
visual loss, typically experienced in the morning, with an
absence of other ocular and neurologic diseases that may
better explain the patient’s visual symptoms; (II) optic disc
edema at the onset of vision loss that was documented by
at least two ophthalmologists; (III) optic disc edema that
spontaneously resolved within 2-3 months; (IV) visual
field defects associated with the optic disc in the affected
eye; and (V) no neurologic or ocular disorder that could
be the underlying cause of the optic disc edema and visual
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Figure 1 Representative CTA image of an OA. Axial section
image at the origin of the artery (black triangle). The black arrow
shows the OA position. OA, ophthalmic artery; CTA, computed
tomography angiography.

field defects. The exclusion criteria were: (I) previous
corticosteroid therapy or any other treatment for NAION;
(II) arteritic anterior ischemic optic neuropathy (13);
and (III) cranial CT, carotid artery Doppler, or cranial
magnetic resonance imaging showing a disease that would
result in insufficiency in OA blood supply, such as brain
tumor compression or carotid artery stenosis. In total,
76 eyes from patients who underwent head-and-neck CTA
evaluation were enrolled. The healthy group consisted of
26 eyes from healthy age-matched subjects with no evidence
of ophthalmic pathology, who underwent head-and-neck
CTA because of other symptoms and had normal findings.

Head-and-neck CTA

The CTA scans were performed by a 64-row multidetector
CT scanner (Light Speed VCT, GE Healthcare; Chicago,
IL). Scans extended from the aortic arch to the skull base.
CT parameters were as follows: pitch, 0.984; slice thickness,
0.9 mm; reconstruction interval, 0.7 mm. A representative
OA CTA image is shown in Figure 1.

Opbhbtbalmic artery model

To simulate the actual hemodynamic conditions of the
patients’ OAs, arterial models were reconstructed based on
CTA findings obtained from Beijing Friendship Hospital.
These images were used to reconstruct models using
Mimics software (v15.0, Materialise NV; Leuven, Belgium).
Simple smooth processing was applied using Geomagic
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Studio v12.0 (3D Systems, Rock Hill, SC). Typical OA
models of healthy controls and patients with NAION (i.e.,
those with one eye in the NAION group, and the other eye
in the uninvolved group) are shown in Figure 2.

Mimics software was used to measure the diameter of the
initial OA, the diameter of the internal carotid artery (ICA),
and the angle between the OA and the ICA (Figure 3).

Mesh generation

"To generate the patient models, we used the original models
for the healthy controls and NAION patients. To calculate
the mass flow, meshes were generated using ANSYS ICEM
CFD (ANSYS, Canonsburg, PA). The surfaces of the
models were meshed using a mixture of tetrahedral and
triangular prism volume meshes. Altogether, there were
266,871 and 240,381 nodes for the right and left sides for
the healthy control patient model, respectively. There were
198,443 and 179,154 nodes for the uninvolved and NAION
sides in the model generated using CTA data from NAION

patients, respectively.

Boundary conditions

The mean blood velocity for the typical group models at the
inlet was 0.34 m/s (10). For simplicity, pressure boundary
conditions with P=0 Pa were applied at the outlets. Identical
boundary conditions and model parameters were used in all
models.

Assumptions and governing equations

A finite volume method for steady flow was used in the
simulation using ANSYS ICEM CFD (ANSYS) (11).
Discretization of the pressure and momentum at each
control volume was in a second-order scheme. The iterative
process of computation was terminated when the residual of
continuity and velocity were both less than the convergence
criterion, 1.0x107°. A pressure-based solver was used
with pressure modification. The blood was assumed an
incompressible, homogenous, and Newtonian fluid (14,15).
The numerical simulation was based on the following 3D
incompressible Navier-Stokes equation and continuity

condition:
p(ii-V)ii+Vp—puhii =0 1]
V-i=0 2]
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Figure 2 Typical OA models reconstructed from CTA data. (A) Healthy controls; (B) NAION group (right, uninvolved eye; left, NAION
eye). OA, ophthalmic artery; CTA, computed tomography angiography; NAION, non-arteritic anterior ischemic optic neuropathy.

Figure 3 Angle between the OA and ICA of a healthy control
patient. OA, ophthalmic artery; ICA, internal carotid artery.

Statistical analysis

Data are presented as means = standard deviations.
Statistical analysis was performed using SPSS for Windows,
version 24.0 (IBM, Armonk, NY). Statistical evaluations
were performed using a one-way analysis of variance.
Categorical data were analyzed using Fisher’s exact test and
chi-squared tests. A P value less than 0.05 was considered
statistically significant.

Results

This study included 26 healthy eyes, 19 uninvolved
eyes, and 31 NAION eyes with initial OAs that could be
visualized on CTA. Age, sex, diabetes, and hypertension
showed no statistically significant differences between
groups (Tuble I).

Quantitative analysis of the OA models

Table 2 shows the results of quantitative analysis of the
three OA models. The diameter of the OA in NAION eyes
was significantly smaller than that of uninvolved eyes in
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patients with NAION and healthy controls (P<0.05), and
there was no significant difference between uninvolved eyes
and healthy eyes (P=0.31). The diameter of the initial ICA
and the angle between the OA and ICA were not different
among the three groups.

Flow velocity (flow pattern)

Figure 4 shows the 3D velocity streamlines in the typical
models, with magnitudes of flow velocity indicated by
color.

Although there was a difference in ICA flow between
the left and right sides because of differences in ICA inlet
diameters, there was no obvious difference in blood flow
velocity in the OA between the right and left sides of
healthy control subjects. However, blood flow velocity in
the original OA of the uninvolved eye was higher than that
of the NAION eye.

Mass flow

To explore blood flow in the OA on the NAION side with
more accuracy, we analyzed the proportion of OA blood
flow in each model. The mass flows of the right and left
sides of the OA in healthy controls were 0.57% of the
ipsilateral ICA mass flow. However, the mass flows of the
uninvolved and NAION sides of the OA were 1.36% and
0.25% of the ipsilateral ICA mass flow, respectively. For
patients with NAION, the mass flow of the NAION-
side OA, which accounted for the ipsilateral ICA mass
flow, was much lower than that of the uninvolved side.
In addition, the mass flow of the OA proportion of the
NAION side was lower than that of healthy controls.
Figure 5 shows the inlet and outlet mass flows in the
different patient models.
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Table 1 Demographic characteristics of all patients

Variables Healthy eyes (n=26) Uninvolved eyes (n=19) NAION eyes (n=31) P value
Age, years 64.54+7.05 65.95+5.66 67.52+6.30 0.224
Sex, male/female 11/15 9/10 13/18 0.922
History of diabetes, n (%) 14 (53.85) 12 (63.16) 17 (54.84) 0.798
History of hypertension, n (%) 12 (46.15) 9 (47.37) 14 (45.16) 0.988

Statistical significance tested by analysis of variance for normal distributions and Kruskal-Wallis tests for non-normal distributions;
all comparisons were corrected with a post hoc test. Categorical data were analyzed using Fisher’s exact test or chi-squared tests. No
statistically significant differences were found among the groups. NAION, non-arteritic anterior ischemic optic neuropathy.

Table 2 Quantitative analysis of ophthalmic artery models

Variables Healthy eyes (n=26) Uninvolved eyes (n=19) NAION eyes (n=31) P value
Initial diameter of OA (mm) 1.39+0.15 1.34+0.17 1.17+0.20 <0.001***
Angle between ICA and OA (°) 71.41£16.93 65.49+14.74 70.15+14.52 0.424
Initial diameter of ICA (mm) 7.44+0.95 7.98+1.60 7.99+1.43 0.233

*, significant difference between mean values of uninvolved eyes and NAION eyes; **, significant difference between mean values of
healthy eyes and NAION eyes. OA, ophthalmic artery; ICA, internal carotid artery; NAION, non-arteritic anterior ischemic optic neuropathy.
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Figure 4 The streamlines are colored according to the magnitude of velocity in two typical patients. (A) Right side of a healthy control
subject, (B) left side of a healthy control subject, (C) uninvolved side of a patient with NAION, and (D) NAION side of a patient with
NAION. The flow velocity of the uninvolved side was higher (arrow) than the NAION side. NAION, non-arteritic anterior ischemic optic
neuropathy.
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Figure 5 Mass flow (kg/s) of a healthy control model and a NAION patient model. (A) Right side of a healthy control subject, (B) left side
of a healthy control subject; (C) uninvolved side of a patient with NATON, and (D) NAION side of a patient with NAION. Inlet (+), outlet (-).

Blood flow direction (black arrow). NAION, non-arteritic anterior ischemic optic neuropathy.

Discussion

In this study, we generated a 3D OA model using CTA
data to simulate the 7z vivo morphology and anatomy of
OA. We analyzed and compared the OA diameter and the
angle between the OA and ICA between healthy controls
and patients with NAION. To explore the exact mechanism
of NAION, we investigated blood flow alterations of
computer-generated models of healthy controls and patients
with NAION.

The anatomy of the OA has been described in many
studies (16,17), but these descriptions are inconsistent.
We measured the diameter of the initial OA, which arises
from the ICA. In our study, the diameter of the initial OA
was 1.39£0.15 mm in healthy controls, 1.34£0.17 mm in
uninvolved eyes of patients with NAION, and 1.17+0.20 mm
in the NAION eyes of patients with NAION. For the
healthy control subjects examined in our study, the values of
initial OA diameter differed slightly from those reported by
Jiménez-Castellanos et 4/. (18), who measured the diameter
after perfusion, fixation, and dehydration, which induced
major differences in the elasticity and diameter of the
vessels. In contrast, we measured the in vivo inner diameter
of the vessel using a computer-generated 3D method. The
difference between our results and those reported by Zhang
et al. (19) may be due to different measurement locations of
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the OA in healthy people.

To the best of our knowledge, the OA is narrow, tortuous,
and difficult to measure, and previous NAION studies have
focused on the analysis of the ICA and posterior cerebral
artery. This is the first study in which the diameter of the
OA was measured and analyzed in patients with NAION.
In our study, the diameter of the OA in NAION eyes was
significantly smaller than that of the uninvolved eyes in
patients with NAION and healthy controls (P<0.05). We
observed that the initial diameter of the OA was smaller
in patients with NAION; thus, there would be decreased
blood flow in the OA of these eyes, which may be related
to hypoperfusion of the optic nerve. This finding provides
some clues to the pathogenesis of NAION. However, there
was no significant difference between uninvolved eyes
of patients with NAION and healthy controls (P=0.31).
There was no significant difference in the diameter of the
initial ICA (P=0.233) or the angle between the OA and ICA
(P=0.424) across the three groups.

To calculate the mass flow of the initial OA, we first
tried to develop a mesh of the OA and part of the ICA
from two patients. The mass flow of the NAION-side
OA accounted for ipsilateral ICA mass flow and was
much lower than that on the uninvolved side. It is well-
known that approximately 15-25% of patients with
NAION have bilateral optic neuropathy. We propose two
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explanations for our NAION model. The CTA data show
real-time blood flow, which varies constantly. Increased
blood flow in the uninvolved eye does not indicate that
it will remain high. In contrast, autoregulation is the
capacity to maintain a relatively constant level of blood
flow in response to ocular perfusion pressure and varied
metabolic demand. Many studies have demonstrated that
efficient autoregulation of ocular blood flow in the ocular
nerve head is mediated by increasing the capacitance
of blood vessels. The changing magnitude of increased
reactive vascular capacitance compensates for the
decrease in vascular resistance of the ocular nerve head
with increasing intraocular pressure (20). We speculate
that autoregulation may play a role in ocular nerve
head ischemia in patients with NAION, which may be
compensated by an increase in blood flow, consequently
leading to an increase in blood flow in the uninvolved eye.
We verified the feasibility of this method, which calculates
blood flow alterations.

In the NAION model, 3D velocity streamline results
were red in color at the beginning of the OA on the
uninvolved side, so the blood flow velocity was higher
than that on the NAION side. The blood flow velocity
at the initial OA in NAION eyes was lower and the
diameters of the initial OA were relatively narrow. The
lower blood flow velocity is also related to the regulation
of intracranial vessels, and a narrower OA may be
related to decreased vascular regulation or compensatory
vasoconstriction. In our previous study using optical
coherence tomography angiography, retinal vessel density
and retinal thicknesses are also lower in NAION patients
compared with healthy and uninvolved eyes (21). These
may be associated with hypoperfusion of the underlying
NAION eyes.

In this study, the accuracy of the 3D reconstruction
models was limited by the slice thickness and hatch spacing
of the CTA scan. Because the lumen of the OA is irregular
and extremely thin, the branching pattern is complex,
and they vary widely between individuals. Thus, we could
not accurately calculate the blood flow to the optic nerve.
We calculated the blood flow alterations in the three OA
models. However, the present results need to be validated in
a study with a larger sample size.

We generated 3D OA models and quantitatively
estimated the OA diameter and the angle between the OA
and ICA by comparing the eyes of healthy controls and
patients with NAION. This is the first study to report that
NAION is associated with a smaller initial OA diameter.
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In addition, results from our preliminary analysis show
blood flow alterations in the OA model generated using
CTA data of a patient with NAION. This method could
ultimately help identify the exact pathogenic mechanism
of NAION.
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