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Abstract

Purpose Microscale droplets act as coronaviruses (CoV) carriers in the air when released from an infected person and may infect
others during close contact such as ophthalmic examination. The main objective of the present work is to demonstrate how CoV
deposited droplets are projected during biomicroscopy and to discuss what kind of precautions should be taken in ophthalmic
practice.

Methods A coupled fluid-structure system comprising smoothed particle hydrodynamics and the finite element method has been
built to assess the projection of droplets spreading from an infected person. Different conditions based on the maximum exit flow
velocity from the infector’s mouth during the ophthalmic examination were modeled.

Results During exhalation, for which the exit flow is ~ 1000 mm/s, the average horizontal distance of the flow front was ~
200 mm while individual particles can reach up to ~ 500 mm. In case of coughing or sneezing (corresponding to an exit flow of ~
12,000 mm/s), the average horizontal distance of the flow front was ~ 1300 mm.

Conclusion During the ophthalmic examination, the proximity to the patient’s nose and mouth was observed to be less than the
horizontal distance of flow front particles. Even though mounted breath shields are used, particles flew beyond the shield and
contaminate the ophthalmologist. Compared with the current protective breath shields, the use of a larger shield with a minimum
radius of 18 cm is needed to decrease viral transmission.

Keywords Airborne pathogens - Biomicroscope - Coronavirus - COVID-19 - Droplet projection - Fluid-structure system -
Ophthalmology - SARS-CoV-2 - Viral transmission

Introduction namely, novel coronavirus: nCOV-severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2)—and the discase as
In December 2019, China reported a pneumonia outbreak in the coronavirus disease 2019 (COVID-19) [2]. After its intro-
Wuhan, a city with more than 11 million people [1]. The  duction, the World Health Organization declared the situation
causative organism was identified as a new coronavirus—  as a public health emergency of international concern [3] and
published suggestions for protection and prevention of trans-
mission [4].

Respiratory droplets, aerosols, and direct contact are con-
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they are spread from an infected person by breathing, sneez-
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which are smaller than 100 um have a high potential to be
accumulated in the pharynx and larynx of the infected person
and cause further infection [12].

Ophthalmologists work in close proximity with patients dur-
ing slit-lamp examinations (Fig. 1a). Although protective mea-
sures like wearing masks, goggles, and breath shields (Fig. 1b)
are taken in large epidemics like COVID-19, in daily practice,
biomicroscopes are typically used without any prevention. In
consideration of these occasions, the present study aims to sim-
ulate airborne pathogen projection through breathing, coughing,
and sneezing during the ophthalmic examination and suggest
preventive measures for diminishing transmission.

Methods

Numerical methods: smoothed particle
hydrodynamics

In the present study, smoothed particle hydrodynamics (SPH),
which is a mesh-free Lagrangian particle method that allows
functions to be expressed in terms of their values at a set of
disordered particles [13], was implemented to study the air-
borne pathogens spreading under different circumstances.
SPH is a versatile and stabile method that address modeling
needs where traditional numerical models such as the finite
element method (FEM) and finite difference method (FDM)
are inefficient [14]. Especially for the interactive applications
for the highly deformable bodies and fluid flows, SPH is
proven to be a convenient method, which has been validated
with various experiments and benchmark problems in the lit-
erature [15-18]. In the SPH framework, continuous field
quantities A, their gradients VA, and Laplacian VA at /™ par-
ticle position x; are interpolated as a weighted sum of contri-
butions from the neighboring particles as

Fig. 1 a A standard ophthalmic
examination with the
biomicroscope. b Biomicroscope
with a protective breath shield
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Here, j is the particle index, m and p are the particle mass
and density, respectively, / is the radius of support (or
smoothing length bounding the neighboring particles used in
the calculations), and W(x-x;, h) is the smoothing kernel that is
chosen as a quintic function [19].
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Since SPH is a Lagrangian-based method, particles move
with the domain. Thus, the number of particles, each of which
has constant masses m, is kept constant during the computa-
tions. This inherently satisfies the conservation of mass, where
the conservation of momentum in terms of Navier-Stoke’s
formulation is expressed as

Dy

=V V2 6
5y p+ Vv + pg, (6)

where Dv/Dt is the substantial derivative, v is the velocity, g is
the gravitational acceleration, and  is the viscosity of the
fluid. In the SPH framework, for the ith particle, the pressure
and viscous terms on the right-hand side of Eq. (6) are
expressed by means of the Egs. (1)—(3) as [20].
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Table 1  Characteristics of the saliva (water) and air

Saliva Air
Reference density, po (tonne mm>) 1.x107° 1225x 10712
Viscosity, 11 (MPa s) 1.x107° 1.x10!!
Speed of sound, ¢; (mm s ') 1.481x10°  3.43x10°
Material constant I'y (—) 0. -
Material constant s (—) 0. -

Gas Constant, R (mJ tonne ' K1) - 287.058 x 10°

Ambient Pressure, p, (MPa) - 0.101325
U, pi  Pj _
Vpi=—pi2|=+—= mjVW(xi Xjs h)a (7)
AP P
"
UV = ; (v,-—x{,-)p—jVZW(x,-—xj, h) (8)
I#1 j

For the stable clusters of particles, the velocity is modified
with XSPH (X means unknown) introduced by Monaghan
[21], which follows
Vi =V; + e Z mj

7Pt p;

(V[_Vj) W(X,'_Xj, h), (9)

where € € [0, 1].

In this framework, the relationship between the pressure
and density for saliva, which is assumed to possess the me-
chanical characteristics of water, can be expressed with the
linear Us—Up Hugoniot form of the Mie-Griineisen equation
of state,

2 I
p =P (1_ﬂ) T TopoEn. (10)
(1=sm) 2

Here, ¢ is the speed of sound, I'y and s are material
constants, p, is the reference density, E,, is the internal
energy per unit mass, and 7 is the nominal volumetric
strain [22].

On the other hand, the air is assumed to be ideal gas with
the equation of state given as follows

(11)

where p,, is the ambient pressure, R is the gas constant, 7'is the
temperature of the gas, and T, is the temperature of the
absolute zero [14].

Based on the abovementioned expressions, Dv/Dt of Eq. (6) is
solved in the scheme of explicit central-difference time integration
algorithm with Abaqus/Explicit to obtain the time histories of field
variables for all the particles. In the simulations, Abaqus built-in
surface behavior formulation is used to prevent the particles on
opposite sides of a surface from interacting with each other, and
free-slip condition is used throughout the mouth structure in con-
sideration to the low viscosity and high flow velocity [14].

pP+p,= pR(Tszero)v

Transmission routes during the biomicroscopic
examination

Transmission of airborne pathogens eventuates by aerosol and
droplets [23, 24]. Airborne transmission of aerosols (<5 pm)
may occur over distances greater than 1 m, whereas droplet
transmission is the spread of droplets (>5 pum) over shorter dis-
tances [24]. In the present study, the transmission of all airborne
pathogens, both acrosol and droplet, is included because the
distance between two individuals during biomicroscopic exami-
nation is less than 50 cm.

Droplets and aerosols projecting from the patient’s mouth and
nose spread to air and contaminate the recipient. Droplet size
distribution does not differ between acts with expulsive pressure,
such as coughing-sneezing and normal exhalation; however, the
number of respiratory droplets may differ [25, 26]. The
pathogen-loaded droplets that are inhaled may than be deposited
in the recipient’s respiratory tract, although there are reports
showing the possibility of mucous membranes to be contaminat-
ed [27]. Following this deposition, the pathogen gains the ability
to be amplified in the respiratory tract and peripheral tissues of
the recipient and the recipient become an infector [28].

230 mm
240 mm

)
=

Protective

o breath shield

Fig. 2 Configurations: a manikin without any prevention action, b manikins with protective breath shield, ¢ representation of the origin in local xyz
Cartesian coordinate system and dimensions used for the manikins for the ophthalmic examination simulation
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Fig. 3 Airborne particle projection without any precaution, i.e., use of no
tissue, mask, or sleeve to cover the face: a exhalation (the maximum flow
velocity at the exit from the infector’s mouth is ~1000 mm/s), b

Results

The outflow from the mouth or nose during breathing,
coughing, or sneezing can be treated as jet flow with several
meters per second [7]. Since each human has a unique mouth
structure, way of breathing, coughing, or sneezing mecha-
nisms, the models can only provide a likelihood for the path-
ogen spreading mechanisms. The characteristics of the saliva
(e.g., density, viscosity) can simply vary for each human un-
der different seasonal and ambient conditions. In order to
standardize these effects, the flow characteristics were adapted
from the experimental investigations in the literature, which
have been carried out for various indoor scenarios [29-32].
Based on the indoor investigations, the drag force of the am-
bient environment was assumed to be negligible. Moreover,
due to the short period of analyses, which is £=1.0 s, evapo-
ration physics was also neglected, whereas gravity was taken
into. Accordingly, the maximum exit flow velocity from the
infector’s mouth, which was modeled as an ellipse with semi-
minor axis length of 2 mm and semi-major axis length of
9 mm, was regulated as ~1000 mm/s (exhalation) and ~
12,000 mm/s (coughing/sneezing). The solution domain was
generated based on the oral volume capacity studies by
Nascimento et al., and which composed of a ~ 70 ml reservoir
of air (~90% volume fraction) and saliva particle (~ 10% vol-
ume fraction) mixture, where the air was assumed an ideal gas
and saliva inherited the mechanical characteristics of water

@ Springer
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coughing/sneezing (the maximum flow velocity at the exit from the in-
fector’s mouth is ~ 12,000 mm/s). The dashed lines represent the flow
front where the particles are densely packed

[33] as listed in Table 1. The particles were assumed to be
spherical with radii of 50 pm in accordance with the previous
parametric studies [11, 12, 34].

In order to understand the social distancing phenomenon
and airborne pathogen spread during the ophthalmic exami-
nation, two scenarios with two different conditions based on
exit flow velocities were considered:

(a.1) Exhalation without any prevention.

(a.2) Coughing/sneezing without any prevention.

(b.1) Exhalation during the ophthalmic examination.
(b.2) Coughing/sneezing during the ophthalmic
examination.

The configurations for these cases are depicted in Fig. 2. In
these cases, the upper torso of the manikins was modeled as
rigid bodies with three-dimensional 4-node, bilinear quadrilat-
eral R3D4 elements provided in Abaqus/Explicit. The same
elements were valid for the protective breath shields. The out-
er skin of the manikins and protective shield surfaces were
modeled by using the rough friction model in conjunction
with the no-separation contact pressure-overclosure relation-
ship [14]. Therefore, the particles hitting the surfaces were
assumed to stick rather than bouncing back.

As seen in the exhalation case of the first scenario (Fig. 3a),
for which the exit flow was ~ 1000 mm/s, the average horizontal
distance of the flow front was computed as ~200 mm, while the
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Fig. 4 Airborne particle projection during the ophthalmic examination with the protective breath shield: a exhalation (the maximum flow velocity at the
exit from the patient’s mouth is ~ 1000 mny/s), b coughing/sneezing (the maximum flow velocity at the exit from the patient’s mouth is ~ 12,000 mmy/s)

individual particles can reach up to a horizontal distance of ~ for the act of exhalation. The case for coughing or sneezing
500 mm. Hence, it can be deduced that if the social distancing is ~ (Fig. 3b) is unquestionably more hazardous. For instance, in case
not followed, there is a risk of airborne pathogen spreading even  of an exit flow of ~ 12,000 mm/s without any preventive action,
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Fig. 5 Conceptual shield design based on the simulation results: a no shield, b effect of the shield in case of coughing/sneezing (isometric view), ¢ front

view of the shield, d examiner’s view

the average horizontal distance of the flow front was obtained to
be ~ 1300 mm. Even more critical than this, some of the particles
flew a horizontal distance of nearly 3000 mm in the time span of
t=1.0 s, which is greater than the social distancing recommen-
dations, with the potent risk of carrying pathogens further than
the flow front [4].

The results for the abovementioned cases show the neces-
sity of preventive measures. Especially, in case of medical
examinations such as ophthalmic examination, for which the
ophthalmologist and the patient have a distance around 200—
250 mm. For this reason, protective breath shields that are
mounted to the biomicroscopes have been in use (Fig. 1b).
These shields approximately have the size of an A4 paper
(210 mm x 297 mm) and are placed very close to the

@ Springer

ophthalmologist. However, there is no explicit
recommendation/guideline regarding the size for these sheets
and very little is known about the projection of airborne path-
ogens during the close proximity medical examinations even
there exists protection. In consideration of this issue, a case
study on such examination was carried out, the configuration
of which is depicted in Fig. 4.

In the case of exhalation (Fig. 4a, clip 1), it was deduced
from the simulations that the protective breath shield config-
uration works well and most of the particles at the flow front
stick to the shield that was assumed to have a rough surface.
However, in case of coughing/sneezing (Fig. 4b, clip 2), it was
observed that particles may flow beyond the protective shield
and may get in contact with the ophthalmologist clothing,
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indicating a tangible risk. In order to minimize the risks, it
appears that larger shields or more strict preventive measures
are needed.

Based on the simulations, the minimum radius for a new
shield design should be 180 mm as depicted in Fig. 4b. The
shield should undoubtedly cover the examiner’s head and
chest. A conceptual design is proposed based on the minimum
size requirements deduced from the simulation data, which
can be seen in Fig. 5. The new concept aims at covering the
entire risk-zone perimeter and providing protection for the
examinee and examiner against viral transmission if no other
preventive measures such as wearing masks, goggles, or
gowns are taken.

Discussions

A standard ophthalmologic examination relies strongly on
physical evaluation to make a diagnosis. Centers for Disease
Control defines close contact for transmission risk as being
2 m from a patient for examinations that last 1 to 2 min [35].
The time we spend to complete a detailed ophthalmic exam-
ination is far beyond this period. It is therefore important to
examine the projection behavior of droplets to determine ef-
fective protective measures during our usual practices.

To that end, a three-dimensional model was used in the
present study to predict the transmission of droplets during
the ophthalmic examination. Normal exhalation, coughing,
and sneezing mechanisms with or without protective shields
were simulated using different particle injection velocities.
Although protective measures like wearing masks, gowns,
and goggles are recommended during COVID-19 pandemic,
in our study, none of these measures was taken into account
for evaluating the sole effect of the breath shield to prevent
transmission of airborne pathogens since these measures are
difficult to standardize and might be discarded by the patients
and also clinicians after the acute influence of the pandemic
passes.

The results indicated that the average horizontal distance of
the flow even for normal breathing scenarios is enough for
viral transmission during the biomicroscopic examination.
Although protective breath shields mounted to slit lamps offer
a physical barrier between the ophthalmologist and patient, it
appears that the dimensions of the currently used shields are
inadequate, especially in case of coughing/sneezing. Based on
our simulations carried out in the present study, the minimum
radius for a shield should be 180 mm, and the shield should
cover the examiner’s head and chest sections. Having said
that, one must admit that approaching the eyelids for a com-
plete view of the ocular structures or fundus examination with
a hand-held lens would be challenging with a breath shield of
provided dimensions. As a result, a protective shield that al-
lows access for fundoscopy or the ability to approach the eye

will not be adequate for the protection of the ophthalmologist
on its own and other measures including masks and goggles
are necessary in order to perform a routine eye examination.
Additionally, thorough periodic cleaning of the protective
breath shield and use of disposable isolation gowns, gloves,
caps, eye protection, surgical masks, or thermal/chemical dis-
infection for the reusable laboratory clothing is needed since
contaminant particles/droplets can stay in still air for several
hours [4].

Numerous measures—such as rapid diagnosis, tracing, and
quarantine—have been adopted to counter the SARS-CoV-2
pandemic. However, due to delays in the initial detection of
asymptomatic cases and infected individuals in the incubation
period, the infection is still exhibiting an uprising trend [28].
As the occurrence and need for awareness of novel epidemic
agents have been increasing from year to year, it appears par-
amount to accumulate knowledge for future outbreaks.
Stepping up infection control measures and updating current
practices for preventing transmission in an evidence-based
process necessitates interdisciplinary work, which requires
joint efforts of healthcare professionals, engineers, and civil
servants [36]. The present study aimed to serve as a starting
platform for research into technical developments to reduce
viral transmission during patient examination.
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