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Vascular insult in neonatal retinal
hemorrhage: computational
analysis of a fundus-segmented
blood vessel network

Matthew R. Lam™*, Jose A. Colmenarez>*, Pengfei Dong?, Linxia Gu*** & Donny W. Suh**

Common hypotheses for the biomechanical cause underlying neonatal retinal hemorrhage include
elevated intracranial pressure (ICP) inducing venous outflow obstruction and retinal deformation. A
finite element computational model of the eye, optic nerve, and orbit was simulated with particular
attention to the retinal vessels to analyze stress and strain on these structures during external head
compression associated with normal vaginal delivery. Pressure from maternal contractions displaced
the eye backward into the orbit, and the stiff optic nerve sheath provided localized resistance to this
posterior displacement at its insertion point, resulting in tensile strain of 2.5% in the peripapillary
(central) retina. Correspondingly, retinal vessels experienced tensile stress of up to 2.3 kPa near the
optic nerve insertion point and opposing compressive stress of up to 3.2 kPa further away. The optic
nerve was longitudinally compressed and experienced a mean radial tensile strain of 2.0%. Overall,
forces associated with maternal labor resulted in a pattern of eye deformation that stretched the
central retina in this simulation, mirroring the classical posterior localization of neonatal retinal
hemorrhage. The optic nerve increased modestly in diameter despite rising ICP, suggesting retinal
deformation is a more likely mechanism for retinal hemorrhage than occlusion of the central retinal
vein.
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As many as half of all neonates are born with benign, physiological retinal hemorrhage'. These hemorrhages
are classically characterized as intraretinal (occurring within the layers of the retina as opposed to in front or
behind), centrally localized (appearing in the center of the retina at the back, or posterior, of the eye), and self-
resolving within weeks with no long-term consequences®’. Despite the innocuous nature of physiologic neonatal
retinal hemorrhage, cases must be differentiated from other causes of retinal hemorrhages in neonates, includ-
ing the medical and legally significant abusive head trauma. Consideration of maternal risk factors of neonatal
retinal hemorrhage is important when weighing the likelihood of the underlying causes, especially the mode
of delivery. Retinal hemorrhage has been reported in approximately 25-34% of infants born by normal vaginal
delivery (NVD), 35-50% of infants when instruments are used to assist delivery, particularly vacuum suction,
and 7-10% when Cesarean section is performed*°. These differing rates of incidence led many to hypothesize
that the mechanism driving physiologic neonatal retinal hemorrhage is related to changes in intracranial pres-
sure during childbirth.

Current methods of performing fetal analysis during labor in vivo are prohibitively invasive, making testing
of any hypothesis challenging. One well-documented alternative is the use of high fidelity computer simula-
tions, such as finite element analysis (FEA), which has been used extensively to study the eye during trauma or
other circumstances in which conventional methods would not be feasible5. In FEA simulations, hundreds of
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thousands to millions of modular elements of varying shapes and sizes can be arranged to create high resolu-
tion three-dimensional model of a given organ, such as the eye. Then, physiologic material properties of various
human tissue can be assigned to each element. The model can finally be exposed to external forces replicating
clinical scenarios, during which it visualizes and quantifies biomechanical endpoints like deformation, pressure
and stress at each element, ultimately providing a uniquely detailed representation of the simulated event. FEA
simulations have become an invaluable tool in evaluating ocular trauma, with models becoming more refined
with successive experiments. However, continuously increasing the fidelity of the model also increases compu-
tational expenses and time horizon, limiting iterative experimentation.

FEA simulations of the eye have previous been conducted to study neonatal retinal hemorrhage in NVD and
made inferences from macroscopic observations, but were unable to directly visualize the vasculature and study
their biomechanics and blood flow®. The purpose of this investigation is therefore to improve upon prior these
FEA experiments with novel implementation of simulation techniques to overcome computational barriers and
achieve a more intuitive and visual representation of the retinal vasculature during childbirth. Direct simulation
of the retinal vessels will not only bolster understanding of the pathogenesis of neonatal retinal hemorrhage but
will also demonstrate methods to increase computational efficiency and their applications in ophthalmic research.

Methods

We developed a series of numerical models to assess the biomechanical response of the retinal vasculature sub-
jected to fetal head compression during NVD. First, we investigated the variations in intraocular pressure (IOP)
(pressure within the eye) and intracranial pressure (ICP) (pressure within the skull) by conducting a parametric
study on an axisymmetric model of the eye that considered a range of extracranial pressure (ECP) exerted by the
uterus and the durations of contractions. Resulting values were then applied to examine the stress on neonatal
retinal vessels and their susceptibility to rupture using a full three-dimensional model of the eye and orbit, the
bony socket within which the eye and related structures reside. Precise geometric characteristics of the vascu-
lature were acquired by applying image processing techniques to segment and enhance the retinal vessels from
a fundus image. Lastly, we investigated the effect of heightened ICP on the optic nerve, the nerve that connects
the eye to the brain. A layer of continuous connective tissue envelops both the brain and optic nerve, known as
the meninges and optic nerve sheath respectively, with cerebrospinal fluid filling the space between. Therefore,
increases in ICP are transmitted to the optic nerve via this communication'. The details of these assessments
are elaborated upon in the subsequent sections.

Axisymmetric model and parametric study

The implicit FEA solver from ABAQUS/Standard 2023 (Dassault Systemes Simulia Corp., Providence, RI, USA)
was used to evaluate the dynamic response of a simulated eye and orbit model. For rapid computation of the
NVD simulation, we developed an axisymmetric model of the orbit that takes advantage of the eye’s rotational
symmetry to focus the analysis in a two-dimensional cross section (Fig. 1C). This substantially reduced the
number of elements and therefore demand for computational resources while still maintaining the accuracy of
the results. The aqueous humor and vitreous humor within the eye and cerebrospinal fluid within the optic nerve
sheath were modeled as hydrostatic fluids, where the pressure gradient in their respective cavities is considered
negligible. Further, the hydrostatic elements were only distributed along the boundary of the cavity, eliminating
the need for additional elements to fill it entirely. The rest of the eye tissues were modeled as isotropic hyperelas-
tic materials to capture their inherent non-linear stress—strain behavior. Additional viscoelastic properties were
incorporated into the orbital adipose (fat) tissue to represent its response to strain-rate dependencies during
contraction. Table 1 displays a summary of the involved tissues and their properties. Finally, fixed constraints
were applied to the intracanalicular boundary at the back of the model to mimic the stationary position of the
orbit within the skull.

During simulation of NVD, a uniform force derived from physiologic ECP was exerted over the anterior
(front) pole of the model to represent the pressure load transmitted by the birth canal. To replicate the gradual
onset and offset of uterine contractions, the ECP underwent a linear increase for the first half of the contraction
duration, followed by a smooth transition towards a linear release during the second half.

This axisymmetric model was used to perform a parametric study examining the effects of varying pressures
and contraction durations. The involved parameters, IOP, ICP, ECP, and contraction time, were sampled using a
Latin hypercube sampling (LHS) scheme to ensure an even sparseness of data points within a normally distrib-
uted range of study. In contrast to alternative quasi-random sampling techniques, LHS allows for a more efficient
exploration of the parameters and their interactions, thereby decreasing the requisite number of simulations.
Table 2 displays the means and standard deviations used for sampling the parameters as reported in the literature.

A total of 100 NVD scenarios were sampled for simulation to guarantee an optimal representation of the
parameter space. The changes in both IOP and ICP, as well as the stresses on the optic nerve, were recorded for
each simulation run. The parametric sampling, FE model creation, and result acquisition were automatically
executed by Python code integrated with the scripting interface in ABAQUS!"'-%2,

Retinal vessel segmentation

To investigate blood vessel wall behavior, we performed vessel segmentation, i.e., extraction of precise ves-
sel geometry from an image for implementation into the FE model, on a fundus photo featuring moderate
intraretinal hemorrhage in a vaginally delivered neonate (Fig. 2A). Vessels with a minimum length of 15 pixels
were automatically segmented following the filtering method proposed by Soares et al. via MATLAB?. First,
we preprocessed the colored image by extracting the green channel from its RGB components to maximize
vessel contrast against the background of retinal tissue. Then, we progressively expanded the boundaries of the
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Fig. 1. Three-dimensional FEA model of the eye and orbit with embedded retinal vessels (A) Isometric
anterolateral (from the front and side) view of the model with cross section. (B) Anterolateral cross section of
the posterior (at the back of the eye) retina (blue) with embedded vessel elements (red). (C) Two-dimensional
axisymmetric model derived from the full-scale three-dimensional model. Insert highlights the optic nerve
sheath and its contents.

aperture to mitigate the pronounced contrast stemming from the external black regions. This involved iteratively
replacing each pixel along the border with the average pixel intensity derived from their neighbors (employing
eight-neighbor connectivity). Following the preprocessing, a 2D continuous Gabor wavelet transform was applied
to detect the directional features of the image, given their predominant association with blood vessels. Strictly
speaking, we computed the strongest pixel responses for different orientations, ranging from 0 to 170° in incre-
ments of 10°. This orientation sweeping was conducted for a fixed scale value of 6, which provided us with the
finest vessel details. Then, a denoised image of the vessel network was reconstructed by selecting the maximum
pixel intensities from all conceivable orientations (Fig. 2B). To further enhance the contrast of the vessels, we
employed the Frangi filter to highlight elongated structures using the local neighborhood information derived
from the eigenvalues of the Hessian matrix. Finally, the vessel centerlines were obtained by reducing their thick-
ness into one-pixel-wide curves using a skeletonization function (Fig. 2C).

Simulation of eye model with integrated retinal vessels

The segmented vessels were integrated into the FE model of the eye to investigate their stress and strain responses.
Since the vascular network is asymmetric, we utilized the three-dimensional version of the previous axisymmetric
model to incorporate them (Fig. 1A). Identical material properties, loadings, and constraints were applied for
this full representation of the orbit.
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Component Constitutive model Material constants References
Bony orbit Linear elastic E =5.37GPay = 0.19 Zhang, 2001"!
Choroid c10 = 0.1 MPa Lam, 2023°
Ciliary body c10 = 1.83 MPa Lam, 2023°
Cornea c10 = 0.03967 MPa Zhai, 2023'2
Lamina cribrosa Neo-hookean hyperelastic c1o = 0.0233 MPa Edwards, 2001
Lens c10 = 1.14667 MPa Lam, 2023°
Optic nerve c10 = 8.76 kPa Voorhees, 2020
Retina c10 = 2.5kPa Franze, 2011%
c10 = 0.1707 MPa
Dura mater c0 = 4.2109 MPa Wang, 20167
30 = —4.9742 MPa
Yeol's hyperelastic
c1o = 0.91 MPa
Sclera cy0 = 19.023 MPa Colmenarez, 2023'°
c30 = —64.725 MPa
Orbital adipose Neo-hookean hyperelastic, and viscoelastic gﬁp:h/i)él:rsigls 5 kPa, Prony series coefficients in the Chen, 2011;'7 Schoemaker, 2006

Table 1. Summary of material properties for the ocular tissues. E and v represent the Young’s modulus and
Poissons ratio, respectively. The material constants cij fori,j = 1,2,...,N defines the strain energy density for
the hyperelastic tissues.

Parameters Mean | Standard deviation | References

IOP (mmHg) 15.1 2.7 Wang, 2018
ICP (mmHg) 11 3 Czosnyka, 2004%°
ECP (mmHg) 140 25 Rempen, 1991%!
Contraction time (s) 60 17 Giiliimser, 20227

Table 2. Means and standard deviations for the LSH from normal distributions.

To implement the vessels, we first scaled the centerline coordinates extracted from the fundus to the diameter
of the retina. Then, the coordinates were manually connected by splines to the endpoints of each respective ves-
sel. Once the centerlines were properly parametrized by a continuous curve, we perpendicularly projected them
into the retina, ensuring that the vessels surrounding the optic disk, the part of the retina that connects with the
optic nerve, were correctly aligned with the optic nerve. The described operations were carried out in ANSYS
SpaceClaim and then exported to ABAQUS for meshing and subsequent simulation.

The vessels were modeled as one-dimensional beam elements through the Euler-Bernoulli formulations,
minimizing computational burden while still retaining the capability to determine the tractional forces acting
on the vessels. A transversely constant tubular profile with an external diameter of 67.5 um and a thickness of
6.75 pm was chosen to compute the moment of inertia, required for the stress calculation. To confine the vessel’s
motion to the retina, we used an embedded element technique such that the translational degrees of freedom of
the vessels relied solely on geometric changes of the surrounding retinal elements, while the rotational degrees
of freedom remained unconstrained (ABAQUS Analysis User’s Manuel). Figure 1B illustrates the arrangement
of the embedded vessels within the retina model.

A worst-case NVD scenario was simulated by selecting the maximum IOP, ICP and ECP obtained from the
parametric study, i.e., results when using input values of 26 mmHg for IOP, 18 mmHg for ICP, and 200 mmHg
for ECP. The FE problem was solved using a static scheme to further reduce the computation time. Outcome
measures were strain in the retina and optic nerve and stress in the retinal vasculature.

Results
The quantitative results of the parametric study that informed subsequent experiments are summarized in Fig. 3.
Increases in both IOP and ICP shared a near 1:1 linear relationship with ECP (m =0.98 and R*=0.92 for IOP;
m=0.96 and R?=0.91 for ICP). Morphological observations during the FEA simulations remained consistent
regardless of exact quantitative values. On a macroscopic level, the model demonstrated that the majority of pres-
sure applied to ocular structures originated anteriorly from direct exposure to the birth canal. Although circum-
ferential ECP applied to the skull raised ICP, the rigid bony orbit limited the amount of pressure experienced by
the contents of the orbit. In contrast, ECP could be applied to the anterior orbit and eye unimpeded. As a result,
the eye was pushed posteriorly into the orbit, with the optic nerve and orbital fat providing modest resistance.
Although the optic nerve and orbital fat behind to the eye compressed and gave way as the eye was forced
posteriorly, their different biomechanical properties resulted in the eye deforming nonuniformly as it was com-
pressed. Much of the ocular tissue experienced compressive force as pressure from the birth canal’s compression
of the head was transferred to orbital contents. However, the dura mater, the outmost layer of optic nerve, is
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Fig. 2. Progression of image segmentation (extraction) of retinal vessels from a fundus (retinal) image
exhibiting retinal hemorrhage following NVD. (A) Original fundus photo. (B) Increasing vessel contrast and
performing wavelet transform segmentation. (C) Reduction of segmented vessels into lines for import into
simulation software.

among the stiffest structures within the orbit and therefore exerted localized constraint of the eye’s posterior
displacement while the surrounding orbital fat permitted greater displacement (Fig. 4A). This difference in dis-
placement resulted in tension being applied to the ocular tissue surrounding the insertion point of the optic nerve
to the eye, including the peripapillary retina. These tissues experienced a strain of as great as 0.025, representing
being stretched 2.5% of their original resting state (Fig. 4B). Heterogenous deformation of the eye also resulted
in corresponding stresses in the retinal vasculature (Fig. 5). In the peripheral (far from the center) retina, vessel
walls were exposed to compressive stress of up to 3.2 kPa. In contrast, vasculature near the optic disk experienced
tensile stress of up to 2.3 kPa due to the stretching of peripapillary tissues.

The optic nerve was subjected to competing forces throughout fetal head compression. Increased ICP
exerted a mean external pressure of 0.020 MPa on the optic nerve via the communicating optic nerve sheath.
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Fig. 3. Box and whisker plot demonstrating the range and distribution of changes in IOP, ICP, and optic nerve
pressure observed during the parametric study of NVD.
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Fig. 4. Retina deformation under ECP compression of the eye. (A) Sagittal (side view) cross section of the

eye model experiencing force during maternal contraction. Posterior tissues including the retina experience
compressive or tensile strain depending on proximity to the optic nerve as labeled. Deformation of the eye is
exaggerated by a scale factor of 6 for illustrative purposes. (B) Heatmap of strain distribution of the retina in the
corresponding sagittal cross section, measured as a unitless ratio of tissue length after and before insult. “LE22”
represents strain along the circumferential direction. Warmer colors (positive values) indicate tensile strain,
whereas cooler colors (negative values) indicate compressive strain.

Simultaneously, posterior displacement of the eye compressed the optic nerve longitudinally, causing it to bulge
transversally and experience outward tensile strain (Fig. 6). The net effect of these radially opposed forces was
a mean increase in optic nerve diameter of 2.0%, though local expansion varied and reached as high as 6.1% at
the intracanalicular region, where the nerve passes through the bony orbit along its path to the brain.

Scientific Reports|  (2024)14:29331 | https://doi.org/10.1038/s41598-024-71509-w nature portfolio



www.nature.com/scientificreports/

S, S11

Angle = -90.0000

(Avg: 75%)
+2.260e-03
+1.806e-03
+1.352e-03
+8.982e-04
+4.444e-04
-9.499e-06
-4.634e-04
-9.172e-04
-1.371e-03
-1.825e-03
-2.279e-03
-2.733e-03
-3.186e-03

Fig. 5. Heatmap of distribution of stress in retinal veins during maternal contraction, measured in MPa. “S11”
represents axial stress along the direction of the vessel. Warmer colors (positive values) indicate tensile stress,
whereas cooler colors (negative values) indicate compressive stress.
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Fig. 6. Heatmap of strain distribution in the optic nerve (sagittal cross section; distal (closer to the eye) end to
the left of the image, proximal (closer to the brain) end to the right), measured as a unitless ratio of tissue length
after and before insult. “LE11” represents strain along the radial, i.e., transversal, direction. Warmer colors
(positive values) indicate tensile strain, whereas cooler colors (negative values) indicate compressive strain.

Discussion

The FEA simulation revealed that during fetal head compression associated with NVD, the retina experiences a
variety of forces that stresses the vasculature simultaneously. One type of force, mechanical deformation of the
eye, results in compression in the peripheral retina and traction in the peripapillary retina. This may account
for the tendency of neonatal retinal hemorrhage to occur centrally, in the back of the eye, as compression of
blood vessels is not usually associated with rupture and is classically associated with stopping hemorrhage®. In
comparison, traction on vessel walls is more likely to rupture them similar to vitreous hemorrhage caused by
posterior vitreous detachment, where the retina detaches from the gel-like vitreous humor that fills the back of
the eye. The 2.3 kPa observed in this simulation falls within the range of 1-5 kPa necessary to induce separation
of the retina from the vitreous in sheep, suggesting ample force to tear the retinal vessels*. Elevated blood pres-
sure, which was not modeled due to simulation constraints in the embedded elements, can also induce internal
tensile stress within the retinal vessels, contributing to the total strain on the most affected vessel walls, and the
formation of a tear.

Smaller vessels such as venules and capillaries, which are not directly visualized in this simulation due to their
exponential complexity and thus computational burden compared to larger vessels, likely account for much of
the observed hemorrhage due to the proportionally greater impact of the forces. The thinner walls of the smaller
vessels render them more vulnerable to the mechanical deformation of the retina and thus more likely to rupture
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compared to larger veins and their thicker, muscle-lined arterial counterparts. The majority of neonatal retinal
hemorrhages localizing to the intraretinal layer may suggest disruption of the deep capillary plexus, a high-
density network of capillaries which resides between the inner nuclear and outer plexiform layers of the retina®.

The blood vessels within the retina arise from the central retinal artery and veins, which course through the
optic nerve. In this simulation, the optic nerve experienced a net expansion in diameter due to axial compres-
sion and consequent bulging. The transverse expansion is greatest in the proximal nerve at the intracanalicular
region due to displacement being constrained, which mimics the tethering of the optic nerve sheath to the peri-
osteum lining of the surrounding bone that forms the canal”. This result subverted expectations of a reduction
in diameter resulting from external compression associated with increasing ICP. Previously suggested mecha-
nisms of retinal hemorrhage during NVD proposed obstruction of venous blood drainage at the central retinal
vein or further proximal during head compression, resulting in buildup of pressure in distal retinal veins and
capillaries’*”. That the diameter of the optic nerve not only fails to decrease appreciably, but rather increases,
suggests that any compression of the central retinal vein is unlikely, let alone sufficient enough to result in venous
congestion. This aligns with concurrent retinal venous abnormalities associated with outflow blockage such as
engorgement or tortuosity being considered atypical in literature pertaining to neonatal retinal hemorrhage?.
Therefore, the mechanism of retinal hemorrhage in this setting is more likely due to mechanical deformation
applying stress to vessel walls as opposed to venous occlusion.

Although neonatal retinal hemorrhage is exceedingly common, especially in instrument-assisted deliveries,
investigations into the pathophysiology are scarce given the invasive nature of monitoring childbirth. The pre-
sent analysis aimed to examine this elusive topic but also serve as a proof-of-concept for the efficient simulation
of blood vessels to study disease of potentially vascular etiology. These advances were enabled by methodo-
logical modifications made to maximize efficiency of high-resolution computer simulations such as use of an
axisymmetric model, performing the parametric study with the LHS scheme, and modeling of vessels through
Euler-Bernoulli formulations. Such continuous refinement of protocols in combination with more powerful
graphics processing units becoming commercially available will allow for future experiments involving the
anatomically complex eye to be conducted in even greater detail.

Limitations of this study include the challenge of emulating in vivo conditions as closely as possible within
the confines of a computer simulation. While the model presented was constructed using the most precise
biomechanical property data available in the literature, normal vaginal delivery is a process with wide variance;
factors such as strength of contractions, systemic considerations like the impact of neonatal sympathetic nerv-
ous system activation on blood pressure, and the morphology of both the birth canal and neonate are unique to
every delivery. Furthermore, only major vessels were visualized due to aforementioned computational restraints;
additional efficiency gains and acquisition of cutting-edge hardware will be necessary investments to simulate
models at the capillary level. However, while refining these parameters would most likely serve to improve
quantitative accuracy, the macroscopic trends that this study sought to uncover are unlikely to change. As such,
FEA simulations continue to offer a noninvasive medium to investigate difficult-to-study phenomena such as
neonatal retinal hemorrhage.

Despite limitations inherent to computer simulations, the present model builds upon previous work and rep-
resents our most detailed and accurate model to date. Organically deriving ICP from the skull’s reaction to ECP
allowed for more accurate differentials in local pressure within the eye and orbit, in turn revealing the nature of
the backward displacement and deformation of the eye. Furthermore, improvements to simulation methodology
enabled the addition of retinal vasculature, previously too detailed to study efficiently. This direct visualization
of mechanical forces on the retinal vasculature is, to the best of the authors’ knowledge, the first investigation of
vessel biomechanics in the context of neonatal retinal hemorrhage reported in the literature and may serve as a
foundation for future research into retinal pathophysiology.

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