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The relationship between the eyeball size and convexity of its anterior part and
the efficacy of local vacuum compression of the eye performed using a new design
suction cup for impedance ophthalmopneumoplethysmography was studied. Based
on the mathematical modeling of the geometric shape of the anterior segment of
75 eyes obtained by ultrasound biomicroscopy examination, it was found that the
horizontal meridian curve of the anterior eye segment with a base diameter of
16.00 mm could be best approximated by a hyperbola. The surface area under the
new suction cup with an inside diameter of about 16.5 mm was calculated using
the formula for the segment surface area of a hyperboloid of revolution. It was
determined by the convexity of the anterior part of the eye and varied from 247.3
to 271.4 mm?’. The conversion coefficient of the level of applied vacuum to the level
of IOP rise, calculated on the basis of individual combinations of the surface area
of local vacuum compression and the eyeball size, was on average 0.83 ranging
from 0.44 to 1.33. Using an individual conversion coefficient according to eyeball
anatomical parameters will make it possible to measure diastolic ocular perfusion

the anterior eye, intraocular pressure,
ocular perfusion pressure, local vacuum
compression of the eyeball, ultrasound
biomicroscopy

In the years of 2017-2018, Kovalchouk A.G. [1-3]
provided substantiation of the potential for impedance
oculopneumoplethysmography (OPPG) in diagnosing
microvascular ciliary body ischemia by identifying low (<
35 mm Hg) diastolic ocular perfusion pressure (OPP) in
the metarterioles of the ciliary body microvascular system.
Diastolic OPP is identified by estimating, on the basis
of the vacuum pressure applied, the increase in IOP at
which a decrease in the pulsatile blood volume amplitude
is registered by ocular rheography. The level of diastolic
OPP in the metarterioles is close (slightly exceeds)
to values of perfusion pressure at the arterial ends of
capillaries, a decrease of which lower than 30-35 mm Hg
leads to tissue ischemia. The proposed technique realizes
an original approach to diagnosing the presence and
degree of microcirculatory ischemia of the tissues through
evaluating the level of a decrease in blood perfusion
pressure at the arterial ends of capillaries.

To perform a new technique, in 2016, Kovalchouk
A.G. introduced an instrument for measuring perfusion
pressure in the microvascular network of the ciliary body
[4]. It has two noticeable weaknesses.

pressure during impedance OPPG with high sensitivity and accuracy.

Firstly, the device includes an L-shaped vacuum
compression ring with the margins contacting with the
sclera surface at acute angles and vacuum compression is
accompanied by a lift of a sclera portion underneath. As a
result, the wet conjunctiva, which covers the sclera, can
contact the internal margins of the ring, thus, decreasing
the area of local vacuum compression, reducing its
efficacy, and destroying the linearity in converting the
applied vacuum compression to the increase in IOP.

Secondly, when using a vacuum compression ring with
rheography electrodes installed on the pads opposite each
other, it is impossible to achieve such level of applied
vacuum which can induce a rise in IOP by 35 mm Hg,
which is a necessary condition for measuring a maximum
possible level of diastolic perfusion pressure in the
metarterioles of the ciliary body in the norm.

In 2017, a formula for the relationship between an
increase in the IOP and level of local vacuum compression
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was obtained [2]. Below is an improved formula, the
derivation of which is given in Appendix 1:

(1

where P is the current IOP level during local vacuum
compression of the globe (mm Hg),

P, is the baseline IOP level before local vacuum
compression of the globe (mm Hg),

B is the coefficient that takes into account the efficacy
of scleral deflection depending on the shape of the site of
local vacuum compression,

S .. is the area of local vacuum compression (mm?),

VAC is the level of applied vacuum (mm Hg),

R is the radius of the eye globe (a half of its axial

length) (mm).

During lamellar keratoplasty in order to increase IOP
by 50 mm Hg, from 15 to 65 mm Hg, it is necessary to
create vacuum no lower than 500 mm Hg. Respectively, to
increase IOP by 35 mm Hg, from 15 to 50 mm Hg, vacuum
required is 350 mm Hg, based on formula (1).

In vacuum compression ring designed by Kovalchouk
A.G. [4], two sectors, 80 degrees in size, are occupied
by arcuated rheography electrodes installed on the pads
opposite each other, which considerably decreases the
area of vacuum compression. Consequently, a total area
of vacuum compression, in comparison with a full vacuum
compression ring, is decreased to (100 x 2) / 360 = 56%.

According to formula (1), the increase in IOP
is proportional to the squared area of local vacuum
compression. Consequently, when the squared area of local
vacuum compression is decreased down to 56%, which
corresponds to a decrease of the factor S_?* in formula
(1) to 31%, to increase IOP it is necessary to increase
three-fold the level of vacuum compression under the
vacuum-compression ring higher than 350 mm Hg, which
is technically impossible since it exceeds the maximal
possible vacuum value, 760 mm Hg.

Previous papers [2, 3] have demonstrated that a
suction cup with a round shape at the site of local vacuum
compression is most effective for increasing IOP. It is
against this background that Kovalchouk A.G has proposed
a new device for impedance OPPG [5]. A block scheme of
the device is given in Figure 1.

The device is composed of a suction cup with
reography electrodes (1), a vacuum generating unit (3),
and a rheograph (6). The suction cup is made of optically
transparent plastic and designed as a cup in which: a
central part is a segment of spherical shell with a radius
and diameter of 7.7 mm and 12.0 mm, respectively,
corresponding to the curvature and diameter of the cornea;
a peripheral part between diameters of 12 and 19 mm is
a spherical segment of spherical shell with a radius of
12.7 mm, an internal margin of which is connected with
the central part and a free external margin is bent towards

the axis of symmetry around a radius of 1.5-2.0 mm
within a quadrant. In the central part of the suction cup
at the site of connection with the peripheral part, there is
a branch pipe (7) with an outlet tube (2) leading to the
vacuum generating unit (3). Along the margin of and flash
with the suction cup, there are two arcuated pads installed
opposite each other. The contact surface of the pads is
bent around a radius of 12.7 mm, which fits an average
scleral curvature in the perilimbal area. On the pads, there
are installed electrodes for reography (4). The electrodes
are connected to the rheograph (6) by flexible wires (5). A
free-from-electrode margin of the suction cup is rounded
with a radius equal to half of its thickness.

Variability in the shape of the anterior eye, caused by
different eye prominence, can lead to significant changes
in the area of local vacuum compression S under the
newly designed suction cap; in addition, its size together
with the size of the eyeball, according to formula (1), can
have an effect on the level of local vacuum compression
of the eyeball.

The purpose of the present paper was to assess the
efficacy of local vacuum compression of the eyeball
performed with a new suction cup for impedance
oculopneumoplethysmography depending on anatomical
parameters of the eye.

In the furtherance of this purpose, a 3D model of a new
suction cup was designed based on Patent UA 131602.
Figure 2 shows its rectangular isometric projection with a
cutaway of the anterior quarter.

The suction cup has an external diameter of 19.0 mm
and an average internal diameter of 16.5 mm. There is
slight ovality caused by the fact that a diameter between
the margins, with reography electrodes installed on them,
is 16.0 and a diameter between the free margins is 17.0
mm. The internal diameter of the suction cup is smaller
than the external one due to the thickness of a suction cup
and a slope of a suction cup margin inward.

The new suction cup is placed on the anterior part
of the eye in such a way that the reography electrodes
are positioned in upper and lower quadrants against the
cornea. Herewith, the branch pipe with the outlet tube
is always positioned from the temporal side and never
bumps into projecting eye socket edges and the nose and
the smaller internal diameter of the suction cup fits the
vertical diameter of the cornea. The corneal diameters in
horizontal and vertical meridians are approximately 11.7
mm and 10.6 mm, respectively [6]. Ovality (a) of the
internal diameter of the new suction cup and a diameter of
the cornea is calculated using the formula:

2

where D and D_. — maximal and minimal diameter,
respectively.
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According to formula (2), ovality of the internal
diameter of the suction cup and the diameter of the cornea
are approximately 6.1% and 9.9%, respectively. Close
values in ovality of the internal suction cup diameter and
the corneal diameter allow for congruence of the shape
of the vacuum compression area and the cornea with the
suction cup margins distanced from the corneal margins
equally along the entire perimeter.

In formula 1, is, in fact, a coefficient

of conversion (K) of the level of the applied vacuum to the
increase in IOP, which is individual for each eye.

(€)

Formula 3 shows that a coefficient of conversion of
the level of the applied vacuum to the increase in IOP
is influenced by two variables in addition to a constant
coefficient f3: the area of vacuum compression and a radius
of the eyeball equaling half of axial length. In this respect,
for exact calculation of the increase in IOP, it is required
to know precise values of the axial length and the area of
the anterior part of the eye under the suction cup which
consists of the cornea and the perilimbal sclera. Axial
length can be easily measured using ultrasound or optic
biometry. To measure the area of the anterior eye segment,
it is necessary to know the geometrical shape of an eye.
Thereby, a task was set to provide mathematical modeling
of a shape of the anterior part of the eye by a second-order
surface, which represents the closest approximation in
shape.

Material and Methods

To achieve goal, forty patients (23 women and 17
men), aged from 15 to 76, with emmetropia and refractive
errors (myopia, hypermetropia) were studied on a shape of
the anterior eye (75 eyes) using two devices: an auto-ref-
keratometer RC-5000 (Tomey) and an Aviso ultrasound
unit (Quantel Medical).

Inclusion criteria were as follows:

1) no previous history of ocular surgical procedures
and eye injuries which could affect the shape of the
anterior eye segment; 2) no changes in the corneal
shape and size associated with congenital glaucoma,
megalocornea, keratoconus; 3) corneal astigmatism within
the physiological range (up to 0.75 D); 4) no changes in
the shape of the perilimbal sclera associated with anterior
staphyloma.

An auto-ref-keratometer RC-5000 (Tomey) was used
to measure i) the central radius of the corneal curvature
in the strong and weak meridian (its mean value was used
for further calculations) and ii) clinical refraction of the
eye (spherical refractive equivalent was used for further
calculations). An Aviso ultrasound unit (Quantel Medical)
with a 50 MHz UBM probe with linear scanning was used

to scan axially (coaxially to the optic axis) the anterior
segment of the eye in a horizontal plane.

In all patients, a B-scan image with an ultrasound
beam focused at the perilimbal sclera showed the height
H16 from the top of the cornea to the basement of the
anterior eye segment with a diameter of 16.00 mm and
angles of £ 16 degrees between the contour line of a side
surface of ASE and of its base diameter at the point of
intersection (Figure 3). In addition, in thirteen patients (24
eyes), a B-scan image with an ultrasound beam focused at
the central part of the cornea showed the height H9 from
the top of the cornea to the basement of the anterior eye
segment with a diameter of 9.00 mm and angles of £ 9
degrees between the contour line of a side surface of ASE
and of its base diameter at the point of intersection (Figure
4).

Nasal and temporal values of the angle could slightly
differ from each other due to a slight decline of the
ultrasound probe against the axial length. In this regard,
the arithmetical mean of nasal and temporal values was
used in calculations. The Aviso ultrasound unit was also
used to perform ultrasound biometry and to measure axial
length.

A shape of the surface of the anterior eye segment was
modeled using a second-order surface, where a curve given
by the equation y = VAx + Bx? was taken as a meridian.

Results

Depending on the value of the parameter B, the
following variants of curves are possible: 1) B=-1
(circle), 2) B<O (ellipse), 3) B=0+0.2 (parabola), 4) B>0
(hyperbola).

The eccentricity of a meridian, being only dependent
on the parameter B, completely defines the asphericity
of a horizontal meridian in the anterior segment of the
eye (ASE) with any base diameter. Table 1 demonstrates
the measurements of heights (H) and angles (£) of the
anterior eye segment with base diameters of 9 and 16 mm,
the margins of which topographically correspond to the
corneal periphery and external border of the perilimbal
sclera, as well as these calculated parameters B9 and B16
for each of the twenty-four eyes.

Based on the literature data on the shape fit of the
surface of the central cornea with the ellipsoid of revolution
[7], the original hypothesis was a premise that the latter
is also the best option to describe a geometric shape of
the peripheral cornea, limbus, and perilimbal sclera. That
premise was proved to be wrong.

For ASEY, the best approximation of the curvature
of the horizontal meridian was an ellipse, parabola, and
hyperbola in 6, 8, and 10 cases, respectively. For ASE16,
the best approximation of the horizontal meridian curvature
was hyperbola in all cases.

Consequently, the asphericity of the anterior eye
surface in the horizontal meridian is growing (eccentricity
is increased) with distance from the corneal top to the
periphery. A diameter of 9.00 mm is, in fact, a transition
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zone of the horizontal meridian curvature from an ellipse
in the center to a hyperbola in the periphery.

The model obtained makes it possible not only to
understand which model surface of revolution better fits the
real surface of the eye but also to receive an approximate
value of the area of eye surface with any diameter measured,
which is important for various applications, in particular,
for calculating a more precise level of an increase in IOP
during local vacuum compression of the eyeball.

The area of revolution surface (the axis of rotation, Ox)
can be easily calculated using formula [8, page 217]:

In our case, we shall obtain for y =\ Ax + Bx?:

where H is a measured height of ASE.

Thereafter, we shall describe a technique to find
parameters A and B in the formula of revolution surface.

Suppose (H) be the height of the anterior eye segment
measured with a given diameter (d); o be a measured angle
between a tangent and a perpendicular, fallen from the
point (H, d/2) on the axis (Ox); P be an angle between a
tangent and a positive direction of the axis (Ox), related to
aas B =90 °- a. Thereupon,

Hence, we shall obtain a system of linear algebraic
equations for uknown parameters A and B:

Since a determinant of this system is

than in the system there exists an unambiguous
solution, which can be found using Cramer formulas:

Measurements of the parameters in 75 eyes (40
patients) and the calculated values are given in Table 2.

It should be noted that the size of the area of local
vacuum compression (S_) under the suction cup is

completely defined by the height (H16) of the anterior
eye segment and the angle (£16) between the contour
line of a side surface and its base diameter at the point
of their intersection, which together are characteristics of
convexity of the anterior eye.

Coeflicients of correlation between S on the one side
and H16 and Z 16 on the other side were equal to 0.95 and
0.94, respectively (p<0.05). No correlation relationship
was found between the axial length and H16 (r=-0.09)
and between the axial length and £ 16 (r=-0.06). A weak
negative correlation relationship (r=-0.34) was found
between S and a radius of the central corneal curvature
(p<0.05).

Relying on the data obtained, let us calculate for the new
design suction cup a theoretical value of the conversion
coefficient of the level of local vacuum compression to
the increase of IOP as applied to an average-sized eye
with AL of 23.9 mm and an average area of the anterior
eye segment under the suction cup of 255.3 mm? and its
possible extreme values (based on examination of 75 eyes).

In the calculations, we will use the coefficient B, which
can be calculated according to the data on the dependence
of the IOP increase level on the level of vacuum
compression obtained by Ernest J.T. and colleagues when
using a vacuum suction cup with an inside diameter of
13.0 mm applied to the inferotemporal scleral area of the
globe. [9]. The possibility of using this coefficient § for
the new design vacuum suction cup is based on a premise
that the p value is determined only by the shape of the site
of vacuum compression, which is round or alike in both
vacuum suction cups.

When performing ocular pneumoplethysmography in
40 eyes, Gee W. and colleagues [10] have found that the
value of gradient slope of linear regression between the
level of local vacuum compression within 100 to 300 mm
Hg and the level of the increase in IOP varied from 0.148
to 0.318 (SD=0,041) with a mean value of 0.248, although
the coefficient of correlation was very high (r>0.96) in all
cases (p<0.02).

In fact, gradient slope of linear regression between
the level of local vacuum compression and the level of
the increase in IOP is a conversion coefficient (K) which
is individual for each eye. On the assumption that the
mean value of gradient slope of 0.248 corresponds to the
average size of the eye with axial length of 24.0 mm and,
respectively, a radius of 12.0 mm, we shall calculate, using
formula (2), a value of the constant coefficient (f) for a
suction cup with an inside diameter of 13.0 mm.

In the eye with AL of 24.0 mm, the size of the area
of local vacuum compression (S ) under the suction cup
with an inside diameter of 13.0 mm and positioned on the
sclera temporally from the cornea (Fig. 5, a) will be equal
to the area of the surface of the spherical segment with a
radius of 12.0 mm and a base radius r=13.0/2=6.5 mm:
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A sought value of the coefficient  for the suction cup
with an inside diameter of 13.0 mm, according to formula
(3), will be equal to:

Therefore, with a knowledge of the coefficient § for a
round shape of the site of local vacuum compression, the
individual conversion coefficient (K) of the level of local
vacuum compression to the level of the increase in IOP
is readily calculated from formula (3) for each of 75 eyes
with application of the new design suction cup (Fig. 5, b).

Table 1 demonstrates that the mean value of

for the sample of 75 eyes was 3.3 with 5.32 and 1.76 as
maximal and minimal values, respectively. If we apply the
calculated value of the coefficient (§) to formula (3), we
obtain the mean value of the conversion coefficient (K),
equaling 0.83, with a variation range from 0.44 to 1.33
and oscillation of 107%. When an average conversion
coefficient (0.83), without considering the variability
of the anatomic parameters of the eyeball, is used for
calculating a level of the increase in IOP, the maximal
possible error can comprise from -47 % to +60 %. The
absence of a correlation relationship (r=-0.09) between a
radius of the eyeball (R) and the area of the site of vacuum
compression (S ) shows that it is necessary to take into
the consideration the values of both independent variables
when calculating the level of the increase in IOP.

Lyubimov G.A. has calculated that when additional
volume of liquid (AV) in amount from 10 to 100 mm?® is
administered into the thin-walled spherical shell with a
radius of 12 mm and with Young modulus of elasticity and
thickness, typical for human eye, excess pressure inside
increases in a linear fashion from 10 to 100 mm Hg [11].
Let us evaluate a size-average value of deflection of the
sclera shell in the site of local vacuum compression (f)
with the maximally increased IOP by 35 mm Hg. This
increase in IOP is required for measuring diastolic OPP
in metarterioles which is observed in the norm. For this
purpose, as calculated, it is required to administer inside
the eye (to dislocate, in our case) the additional liquid in
the amount of 35 mm?.

Our previous papers [1, 2, 3] have demonstrated that
the volume of dislocated liquid (AV) in local vacuum
compression is equal to product of the area of local vacuum
compression (S ) and a height of scleral deflection of the
sclera (averaged over the entire area of the local vacuum
compression) (f):

AV=Svace

Consequently, an average height of deflection of the
sclera shell in the entire area of local vacuum compression

() for the eye with a diameter of 24.0 mm with an average
area of the anterior eye segment will be:

(mm)

The calculations show that deformation of the
corneoscleral shell of the eye (f) in the site of local vacuum
compression is qualified as small since its value is twice
smaller than the diameter of the eyeball with a ratio of

Elsheikh A. and colleagues have carried out corneal
topography studies of the cornea with IOP elevated
to approximately double the baseline levels using
ophthalmodynamometer applanation and found that the
maximum deflection height of the cornea was noted in the
2.5 mm wide corneal circumferential annulus next to the
limbus while the shape in the center of the cornea with a
diameter of 8.0 mm is almost unchanged [12]. The authors
believe that the stability of the shape in the central area of
the cornea with a diameter of 8.0 mm can be due to the
higher stiffness, associated with a radial arrangement of
collagen fibrils, while in the peripheral cornea the stiffness
is reduced due to circular arrangement of collagen fibrils.
We are of the opinion that flatness (a greater radius of
curvature) of the cornea is of no less importance for a
greater deflection height in the corneoscleral shell at the
limbus and in the peripheral sclera as compared with the
more convex central cornea. According to Laplace's law,
other factors being equal, there is a greater local tension
in the flattened area of the shell, which results in greater
deformation and deflection height [13].

Due to the fact that the curvature is unchanged in the
central cornea, deflection in the entire area of vacuum
compression as to the baseline shape will be relatively
uniform in height in the entire area. Local deflection of
the corneoscleral shell, small in size and uniform in terms
of area provides, in accordance with Hook's law, high
linearity in conversion of the level of the applied vacuum
to the level of the increase in IOP.

By assuming that the value of coefficient 3 is determined
only by a shape of the site of local vacuum compression,
formula (1) for dependence of the level of the increase in
IOP on the level of the applied vacuum VAC for the round-
shaped site of local vacuum compression will be expressed
as follows:

“

Following this formula, when the new design suction
cup with an average inside diameter of 16.5 mm is used for
increasing IOP by 35 mm Hg to the OPP level, specific to
the norm, in an any size eye (providing that the sample of
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75 eyes is representative) and with an estimated conversion
coefficient of 0.44 to 1.33 (0.83, at average), it is required
to create under the suction cup vacuum of 26 to 79.5 mm
Hg (42. mm Hg, at average), which presents no technical
difficulties.

B-scan images of the anterior eye revealed that base
diameter 16 mm in 61 eyes (81%) was positioned at the
level of the iridociliary sulcus, which is an anterior edge
of the ciliary body. In these patients, the new suction cup
with an inside diameter of 16.0 mm in the sectors with
rheography electrodes arranges these electrodes accurately
above the ciliary body. In 14 eyes (19%), the base diameter
16 mm crossed the ciliary body pars plicata in the site from
its first third to the posterior edge. This was caused by a
smaller diameter of the cornea and the correspondingly
decreased inside diameter of the ciliary body ring. In such
cases, a suction cup with a smaller diameter must be used.

Discussion

The proposed mathematical model for the shape of
the anterior eye surface can be significantly improved if
measurements and calculations of the eye asphericity are
performed by several meridians along different meridians.
Therefore, the calculated values of the area of the anterior
eye surface will be more accurate. These accurate
measurements can be performed using non-contact
topography techniques for the anterior eye by Pentacam
and OCT.

If, as calculated using formula (4), the mean value
of OPP during impedance OPPG in healthy eyes differs
significantly from 35 mm Hg, it is required to correct a
value of coefficient [ as appropriate. A need for correction
will testify to the fact that a calculated value of the
coefficient [ is in error due to inaccurate assessment of the
average size of the eye in 40 patients as shown by Ernest
J.T. and colleagues [8] or there are other factors, apart
from the shape of local vacuum compression site, which
influence the efficacy of conversion of the applied vacuum
level to the IOP increase.

The conviction that the association between the level of
local vacuum compression and the level of the increase in
IOP with the IOP level of 30 mm Hg is of a linear character
is based on two experimental facts. First, Downs J.C.
and colleagues have shown in experiment that the value
of sclera deformation with the IOP level exceeding the
physiological ranges (>30 mm Hg) becomes proportional
to the level of the increase in IOP and explained it by the
alignment of circumferential collagen fibrils of the sclera
[14]. Second, Ernest J.T. and colleagues have performed
local vacuum compression with simultancous IOP
measurements using Goldman’ tonometer in 40 eyes and
found that, in each patient, a conversion coefficient of the
vacuum compression level with the range of 100 to 300
mm Hg to the increase in IOP was characterized by a very
high stability [8]. In all cases, the value of a conversion
coefficient, individual for each patient, was unchanged in
repeated measurements 15 minutes later.

Taking into account the anatomical parameters of the
eye will make it possible to significantly improve the
accuracy in calculating the level of the increase in IOP
depending on the level of local vacuum compression of the
eyeball, which, in turn, will allow for highly sensitive and
accurate measurements of diastolic OPP during impedance
OPPG.

Conclusions

First, it was found, based on the mathematical
medeling of the geometric shape of the corneal surface
with circumferential perilimbal sclera using ultrasound
biomicroscopy findings, that asphericity of the anterior eye
surface in the horizontal meridian is growing (eccentricity
is increased) with distance from the corneal center to the
periphery and with the horizontal meridian curvature
grading from an ellipse through a parabola to a hyperbola.
For ASE16, the best approximation of the horizontal
meridian curvature was a hyperbola in all cases.

Second, the area of vacuum compression under the new
design suction cup for impedance OPPG is completely
defined by the height of the anterior segment of the eye
with a base diameter of 16.5 mm and the angle between
the contour line of a side surface and base diameter of the
anterior segment of the eye at the point of their intersection,
which together are characteristics of convexity of the
anterior part of the eye.

Third, the mean value of the site of local vacuum
compression under the new suction cup, as calculated
using the formula for the surface area of revolution
hyperboloid, was 255.3+4.4 mm? with a range of 24.3 to
271.4. Oscillation of the squared area of the site of vacuum
compression under the new suction cup, entering into the
formula for calculating the increase in IOP depending
on the level of the applied vacuum, was 19.2%. A wide
range of variants makes it necessary to take this parameter
into account with the purpose to increase the accuracy in
calculating the level of the IOP increase.

Fourth, the absence of a correlation relationship
(r=-0.09) between axial length and the area of vacuum
compression shows that it is necessary to take into the
consideration the values of both independent variables
when calculating the level of the increase in IOP.

Fifth, the value of coefficient  for the scleral suction
cup with an inside diameter of 13.0 mm, as calculated
according to Ernest J.T. and colleagues, was equal to
0.248. This calculation is made on the assumption that
the mean value of gradient slope of linear regression
between the level of the applied vacuum and the level of
the increase in IOP corresponds to the average size of the
eyeball, 24.0 mm. By assuming that the value of coefficient
B is constant and only determined by the shape of the site
of local vacuum compression, it can be used in the new
suction cup for calculating the level of the increase in IOP

Sixth, the conversion coefficient of the level of the
applied vacuum to the level of IOP increase for the new
design suction cup, calculated on the basis of individual
combinations of the area of the local vacuum compression
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and axial length, averaged 0.83 ranging from 0.44 to 1.33.
Consequently, for increasing IOP to the OPP level of 35
mm Hg, which is characteristic for physiologically normal
condition, it is required to create under the suction cup the
level of vacuum of 42 mm Hg ranging from 26 to 79.5
mm Hg.

Seventh, a relatively small deflection of the
corneoscleral shell of the eye in the site of vacuum
compression (0.6% of AL), calculated for an eye with a
diameter of 24.0 mm with the maximal increase in IOP
to 35 mm Hg, according to Hooke's law, provides with a
high linearity in conversion of the applied vacuum to the
increase in IOP.

Eighth, the suction cup of a new design has an inside
diameter of 16.0 mm in the sectors with reography
electrodes, which, in 81% of the cases (in the patients with
a medium corneal diameter), enables the positioning of the
electrodes accurately above the ciliary body. The eyes with
larger or smaller corneal diameters will need suction cups
of greater and smaller sizes, respectively.

Finally, when an average conversion -coefficient
(0.83), without considering the variability of the anatomic
parameters of the eyeball, is used for calculating a level
of the increase in IOP, the maximal possible error can
comprise from -47 % to +60 %. Using an individual
conversion coefficient according to eye anatomical
parameters makes it possible to measure diastolic ocular
perfusion pressure during impedance OPPG with high
sensitivity and accuracy.

Abbreviations

IOP — intraocular pressure

OPP — ocular perfusion pressure

AL — axial length

ASEx — anterior segment of the eye with a basal
diameter “x”

ORG - ocular rtheography

OPPG — oculopneumoplethysmography

UBM - ultrasound biomicroscopy
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Appendix No1

Derivation of refined formula for local vacuum
compression of an eyeball

In 2006, Lyubimov [11] presented a formula which
showed the relationship between an increase in the
pressure inside the sphere and an additional volume
of fluid introduced into the sphere as applied to a
mathematical model of the eye as a thin, spherical shell
with biomechanical parameters of the human eye:

)

where AP is the increase in pressure (above atmospheric)
inside the sphere expressed in mm Hg;

E is the Young's modulus for the shell material
expressed in megapascales (10-15 MPa);

0.73+104 is a coefficient of conversion of MPa to mm
Hg

t is the thickness of the spherical shell expressed in
millimeters (0.5-1.0 mm);

AV is the increase in the volume of fluid inside the
sphere expressed in cubic millimeters (10-100 mm?),

R is the radius of the spherical shell expressed in
millimeters.
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The mechanisms of the increase in IOP after injection
of an additional volume of fluid into the eye and that after
local vacuum compression of the sclera are different. In
the former mechanism, the increase in IOP is associated
with the increase in the volume of the intraocular fluid
inside the sphera with a slight increase in the radius and
maintenance of the spherical shape of the shell. In the
latter mechanism, the increase in IOP is associated with
slight local changes in the shape of the spherical shell with
maintenance of the volume of the intraocular fluid.

Under the condition that an increase in the IOP does
not lead to changes in the shape of the eye outside the site
of local compression by vacuum, displacement of a small
volume of fluid under a vacuum-deformed scleral site can
be considered as addition of a displaced volume of fluid to
the total eye volume with a slight increase in eye radius in
a uniform omnidirectional pattern and formula (1) can be
used to determine the relationship between an increase in
IOP and level of local vacuum compression.

In a way similar to the injection of an additional volume
of fluid into the spherical shell, the influence of vacuum
on a local site of the sclera will be spread all over the
sclera due to sliding of smooth margins of the ring-shaped
suction cup on the conjunctiva with a free displacement
of the underlying sclera (that, to a fist approximation, is a
soft shell, if considered in the thickness direction) under
the ring.

It is obviously that the volume AV of displaced fluid
in this case will be equal to the area of the site of local
vacuum compression S multiplied by the height of sclera
deflection averaged over the entire area of the site f}:

AV=Svace T )

The height of scleral deflection averaged over the
entire area of the site of local vacuum compression f will
be directly proportional to the area of the site of vacuum
compression S and the level of applied vacuum VAC,
taken with an additional coefficient B; and inversely
proportional to the Young's modulus E and scleral
thickness t (with an increase in the values of the two latter
parameters, vacuum causes less deformation in a stiffer
scleral shell). The B coefficient takes into consideration the
efficacy of scleral deflection depending on the shape of the
site of local vacuum compression.

3)

where f is the deflection of the scleral shell expressed
in millimeters,

B is a coefficient that takes into consideration the
efficacy of scleral deflection depending on the shape of the
site of local vacuum compression

S,,. 1is the area of the site of vacuum compression
expressed in mm?,

VAC is the level of applied vacuum expressed in mm
Hg,

E is the Young's modulus for the shell material
expressed in megapascales (10-15 MPa);

0.73+104 is is a coefficient of conversion of MPs to mm
Hg

t is the thickness of the spherical shell expressed in
millimeters.

Formula (3) is a special case of Hooke’s law,
which is the basic law of elasticity, reflecting a linear
relationship between the applied stress and small strains
(or deformations) in an elastic medium.

The deformation of the eye at the site of local vacuum
compression is regarded as small since the maximum
volume of displaced fluid (100 mm?®) in a medium eye
with a diameter of 24 mm is less than 1.4% of the eye
volume. According to Hooke’s law, the formula for the
deformation of elastic nail as a function of the applied
force is a s follows:

Al = F/k, 4)

where Al is the absolute elongation or length decrease,

F is the deformation force applied to the nail,

k is the elastic coeffiient

Let us compare formulas (3) and (4). The height
of scleral deflection f in the site of local vacuum
compression in formula (3) corresponds to the value of
linear deformation Al,; the expression Svac*VAC in the
numerator corresponds to F, the force of vacuum applied to
the site of local vacuum compression, and the expression
E+t in the denominator corresponds to the elastic (stiffness)
coefficient for a thin, spherical shell filled with fluid.

The additional coefficient  in formula (3) takes into
consideration the fact that the deformable elastic body
represents the elastic thin-walled spherical shell, filled
with water, the deflection height of which at the site of
local vacuum compression is determined, all things being
equal, by the shape of the site. The most effective shape is
round because it provides the equal strain of the sclera shell
along the edges which is the maximum possible for a given
area. For example, the slope of the increase in IOP after the
vacuum applied change for the suction cup with an inside
diameter of 13 mm was found to be 0.248 [9]. A vacuum of
at least 500 mm Hg is required for a 50 mm Hg rise in IOP
(from 15 mm Hg to 65 mm Hg) for the ring-shaped suction
cup (internal diameter, 12 mm; external diameter, 20 mm)
used in laser in situ keratomileusis (LASIK). In this case,
the slope of the IOP increase against the applied vacuum
is about 0.1. Herewith, the area of vacuum compression
under the hemispherical suction cup is 1.5 times less than
that under the ring-shaped suction cup, 143.3 mm? versus
218.5 mm?, respectively.

By replacing the height of scleral deflection f in
formula (2),

)
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By replacing AV in formula (1) with the equivalent
expression from formula (5), and cancelling the variables
that are present both in the numerator and denominator, we
will obtain formula:

(6)

By replacing AP in formula (6) with with the difference

between current and baseline intraocular pressure, P-P,

we will obtain the formula for the relationship between the

level of applied vacuum VAC and the level of the increase
in IOP:

()

where P is the current IOP level during local vacuum
compression of the globe (mm Hg),

P, is the baseline IOP level before local vacuum
compression of the eyeball (mm Hg),

B is the coefficient that takes into consideration the
effiacy of scleral deflection depending on the shape of the
site of local vacuum compression,

S, is the area of the site of local vacuum compression
(mm?),

VAC is the level of applied vacuum (mm Hg),

R is the radius (or a half of axial length) of the eye
(mm)

Table 1. Types of the second-order curves describing the shape of the horizontal meridian of the anterior eye in 24 eyes with

a base diameter of 9.00 and 16.00 mm

No H, /9 H, /16 B, Type of X\;Ec:urve for B, Type of ‘t\réeEiurve for
1 14 315 3.9 35.2 0.159 close to parabola 1.608 hyperbola
2 1.5 355 41 36 -0.588 ellipse 1.564 hyperbola
3 1.35 27 3.8 36 1.973 hyperbola 1.363 hyperbola
4 1.35 27 3.8 38 1.973 hyperbola 0.957 hyperbola
5 1.45 325 4.3 38 0.111 close to parabola 1.301 hyperbola
6 1.4 31 4.35 39 0.367 hyperbola 1.160 hyperbola
7 1.5 35 4.3 38.5 -0.431 ellipse 1.217 hyperbola
8 1.5 34 4.2 40 -0.105 ellipse 0.912 hyperbola
9 1.4 29 41 36,5 1.266 hyperbola 1.467 hyperbola
10 1.35 29 4.1 37 0.916 hyperbola 1.371 hyperbola
11 1.6 35 4.3 38,5 0.123 close to parabola 1.217 hyperbola
12 15 33.5 4.15 37 0.065 close to parabola 1.400 hyperbola
13 1.5 34.5 4.85 45,5 -0.270 ellipse 0.521 hyperbola
14 1.55 34.5 4.8 43 0.020 close to parabola 0.797 hyperbola
15 1.45 30.5 4.25 40 0.906 ellipse 0.943 hyperbola
16 1.45 31.5 4.2 38 0.497 ellipse 1.248 hyperbola
17 15 34 4.45 40 -0.105 ellipse 1.053 hyperbola
18 1.5 33.5 4.45 39,5 0.065 close to parabola 1.130 hyperbola
19 1.35 31.5 4.05 39 -0.232 ellipse 0.977 hyperbola
20 14 31.5 4 38 0.159 close to parabola 1.120 hyperbola
21 1.5 33.5 4.45 42,5 0.065 close to parabola 0.692 hyperbola
22 1.5 33 4.4 42 0.239 hyperbola 0.733 hyperbola
23 1.35 30 3.9 37 0.436 hyperbola 1.237 hyperbola
24 14 30.5 3.85 37 0.582 hyperbola 1.197 hyperbola
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Table2. The changed parameters and calculated values of the anterior eye in 75 eyes (40 patients)

MapameTp Mzto Min Max V. (%)
Clinical refraction spherical equivalent (D) -0.96+ 3.10 -12.37 4.25
Axial length (mm) 23.9+1.35 21.0 275 27.0
Radius of the eyeball R = AL/ 2 (mm) 11.95+0.67 10.51 13.73 27.0
Radius of the central corneal curvature (mm) 7.77£0.25 7.34 8.37 13.3
Height of the anterior eye segment H from the top to the
16.00-mm-diameter basement of the cornea (mm) 4.2110.18 3.80 4.85 24.9
216 (degrees) along the diameter of 16.00 mm 38.2+2.1 335 455 314
Area of the site of local vaccum com[:z)resswn S.ecunder the suction|  ,op 5, 4 2473 2714 94
cup with a diameter of 16.5 mm (mm?)

i i 2

'(B\rr:en?“)Of the site of local vaccum compression, squared S, 65219+2246 61147 73641 19,2
Expression 3.301£0.93 1.76 5.32 107.9
Fig.1. Device for impedance OPPG: 1 - the suction cup Fig. 2. The rectangular isometric projection of a suction
body made of optically transparent plastic shown in the cup 3D model with a cutaway of anterior quarter (a view
rectangular isometric projection with a cutaway of anterior from the side of rheography electrodes highlighted in grey)
quarter, 2 - outlet tube, 3 - vacuum generating unit, 4
— rheography electrode, 5 — wires from electrodes, 6 —
rheograph, 7 — branch pipe, 8 — electrode pad
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Lin 50 <> 0SS QM Aviso V:4.0.2 - 08 cbeB 2019
r Gain=100dB Dyn=60dB Tgc=0dB;

Id:

R2 = 37.0°
R1=37.0°

C2 = 3.87mm
C1=15.99mm

Fig.3. A B-scan image of the anterior eye with an
ultrasound beam focused on the perilimmbal sclera

Fig. 4. A B-scan image of the anterior eye with an
ultrasound beam focused on the cental area of the cornea

Fig. 5. A position of the suction cup on the eyeball during OPPG
according to Gee W. (a) and during impedance OPPG according to
Kovalchouk A.G. (b). Pulse blood volume in the arterial vessels to
the level when OPP is defined is highlighted by cross hatching
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