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Presentation Notes
 Thank you for coming
 Today I will be presenting the research that I have been working on ocular drug delivery  
 please feel free to interrupt me if you have any questions 



Background

e Delivery of drugs at therapeutic levels is frequently a problem
in the treatment of various ocular diseases.

e Topical administration of drugs to the cornea is a preferred
route for delivery of ocular drugs.

e Achieving 2-3 times increase in Topical
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Cornea

 C(Cornea represents 7% of surface
area of the eye.

e Cornea has a lower permeability
for hydrophilic drugs than for
lipophilic drugs.

e Only 2-5% of an ophthalmic drug
can penetrate through cornea.

The cornea is 0.5 mm thick with three

primary layers:

e Epithelium with thickness of 50 um and 5-

7 cell layers.

e Stroma is a 450 pm thick, porous and

hydrophilic tissue.

* Endothelium a single layer in

surface of the cornea.
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Materials In Vitro Study
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e Adult New Zealand
white rabbit cornea:
standard model for
ocular drug delivery
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 Unfocused custom-designed circular s
transducers (Sonic Concepts) with 15 ES
mm active diameter at 400 kHz, 600
kHZ, 800 kHz, and 1 MHz frequencies.

e The di calculated for these transducers
are 1.5, 2.25, 3, and 3.75 cm respectively.
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These are used mostly in research because of similarity to human cornea. 



Drug Solutions

e Sodium Fluorescein, 0.25%
— Used for diagnosis of corneal abrasions, corneal ulcers and infections
— Hydrophilic
— Maximum absorption @ 490 nm

e Tobramycin, 0.3%

— Ophthalmic antibiotic formulation for tropical therapy of external
infections

— Hydrophilic
— Maximum absorption @ 278 nm
e Dexamethasone Sodium Phosphate, 0.1%

— Topical steroid solution used to suppress inflammatory response to
different conditions

— Hydrophilic

— Maximum absorption @ 242 nm
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The solution was made using saline. Keep in a dark bottle in the refrigerator at the day of experiment. 


Spherical Diffusion Cell

Sampling unit

N

Spherical
joint

€. DONOT COMPpartment

Receiver compartment
5 ml volume

http://www.permegear.com/franzatfaqs.htm
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The donor compartment was altered in order to increase the volume because  higher frequency transducers have larger dff, so more volume is needed in donor side. The volume for receiver compartment is 5ml. 
Spherical shape diffusion cells were chosen because it can hold the shape of the cornea as it is in the eye.  
The opening of 9mm ensure that only cornea will be exposed to drug and ultrasound.
Drug solution was added to donor compartment, and receiver compartment was filled with saline. 
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In vitro Setup

» Dissected cornea was placed over the spherical joint of
diffusion cell, between donor and receiver compartments.

Amplifier Function generator

Matching network

Water bath

Electrical power ’, g :
meter P )
/% Transiool

Holding rack with 3
diffusion cells

<€—— | Diffusion cell

Ultrasound was applied with intensities of 0.3 W/cm?-1 W/cm? at different
frequencies between 400 kHz- 1 MHz.

The cornea was exposed to ultrasound for 5 min.

Temperature was measured while applying ultrasound.
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The corneal epithelium face up
The drug solution was also kept inside the water bath. The temperature differences are about 2-4 °C. 
The entire setup was placed in the water bath with an immersion circulator. 



In vitro Setup

The receiver compartment was stirred at 380 rpm using a magnetic stir bar.

A 3 mL solution sample was collected
receiver compartment after 60 min.

through the sampling port of the

The absorption of the sample was measured using spectrophotometer.

Dissected cornea was placed in formalin after the experiment to be fixed

and sent for histology.

Thermometer
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The ophthalmic drugs was calibrated using spectrophotometer, so the maximum absorption is known.
Treatment safety was determined using ophthalmic and histological observation of ultrasound induced changes in corneal structure.
  




In vitro Histology

Different categories of histological damage are:

A. Class 0: None of the
layers are damaged or
missing (0) .
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Comparing control and 3 different samples of damaged cornea. 
Damages observed in epithelium were categorized in four different groups based on the geometrical width of epithelial layer including all the five biological sub-layers:
The category goes from 0 to 1 based on the damage level. For data analysis I called the 1/3= 0.333 and 2/3=0.6667



In vitro Results

Ultrasound application for 5 min at 1.0 W/cm? produced permeability

increase of :

* 126% at 400 kHz (n=9),
 121% at 600 kHz (n=13),
* 47% at 800 kHz (n=9),

* 65% at 1 MHz (n=12)

as compared to sham
treated cases (n=9).
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Ultrasound was applied at different frequencies,  intensity used was 1.0 W/cm^2 for 5 min. For SF, there was an increase of 126% at 400 kHz, and etc. 


In vitro Results

The increase in corneal permeability ranged from 14% to 46.9% depending
on ultrasound parameter combination, with no statistical significance
achieved in all cases.

Tobramycin

T . m 0.5 W/cm?
0.8 W/cm?
® 1.0 W/cm?

Sham 400 KHz 600 KHz 800 KHz 1 MHz

x1077
70

(o)}
(e}
1

Ul
S
1

N
o
|

w
S
1

[\
(e}
1

Corneal Permeability (cm/s)

(U
)
1

(e



Presenter
Presentation Notes
The increase was there but it was not statistical significant. 


In vitro Results

x107  Dexamethasone Sodium Phosphate
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in corneal
permeability to Dexamethasone Sodium
Phosphate as compared to sham treated

samples are shown in this table.

= 0.3 W/cn?
m0.5 W/cmz
m0.8W/cnt
1.0 W/cn?
400 600 800 1
KHz KHz KHz MHz
0.3 43% 46%
W/cm?  (n=6) (n=6)
0.5 76% 47% 50% 46%
W/cm?  (n=6) (n=8) (n=6) (n=5)
0.8 107% 51% 62% 63%
W/cm?  (n=6) (n=8) (n=6) (n=6)
1.0 109% 55% 72%
W/cm?  (n=6) (n=9) (n=8)
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Using intensities of 0,3 was just a test to investigate the effects of ultrasound at lower intensity and frequency 


Changes in Corneal Epithelium In vitro

e Sham shows the corneal changes with no ultrasound treatment; different
shades of gray represents the corneal damage due to ultrasound application.

e Data are shown as
mean * standard 1
deviation. 0.9 - ok
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Experimental Preparation

e The most effective parameters used in vitro study
— f=400 kHz and 600 kHz
— Intensity = 0.8 W/cm?
— Exposure time = 5 min
— Total study time = 60 min

 Dexamethasone sodium phosphate

Driving unit of transducers

Function g Matching Unfocused
— —
Generator Amplifier Network Transducer




In vivo Setup

e The eye cup was placed on
the eye filled with drug
solution.

e Transducer was placed on a
metal stand and submerged
inside the solution.

Thermometer «—

—— > Transducer

Eye cup /
» Ophthalmic

e Ultrasound was applied with intensity of 0.8 ) solution
W/cm? at different frequencies of 400 kHz and ornes Eyelid
600 kHz.

* The cornea was exposed to ultrasound for 5 min.

e Temperature was measured 3 times while
applying ultrasound (t = 0, 2.5, and 5 min).
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The animal was anestesized 
The metal stand help keeping the correct dff 


Methods

Stereomicroscope

e After ultrasound application and also before
euthanasia, in vivo gross observation of the
cornea was performed wusing a high
magnification stereomicroscope.

e About 0.3 mL sample of aqueous humor was
collected using 27 G x 1/2" needle (12.7 mm
length) approximately 60 min after the
ultrasound treatment and immediately after
the animal was euthanized.

e These samples were sent for chromatography.



Histological Analysis

Thickness of different layers of cornea (epithelium, stroma, and
endothelium).

Zeiss Axiolmager light microscope at 5-20X magnification

Investigating the structural changes in cornea using histology
slides.

— Same criteria used in in vitro study
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Thickness of different layers of the cornea (epithelium, stroma, and endothelium) was also determined from the histological slides. Measurements of the width of each layer, to determine the thickness, occurred at the same three locations on each sample.
Each cornea sample was examined using Zeiss AxioImager light microscope (Carl Zeiss, Jena, Germany) at 5-20Xmagnification. The three locations that were measured on each cornea sample were at the center of the cornea (location 1), midway between the left end of the cornea and the center(location 2), and midway between the right end of the cornea and the center(location 3).These measurements were reported in µm. If any of the corneal layers were missing, they were recorded as “absent” and were shown in calculations as a “0” value. 



Drug Concentration in Aqueous Humor

* Drug concentration in aqueous humor samples as compared to sham treated
samples increased by:

— 2.8 times using 400 kHz
— 2.4 times using 600 kHz
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e For sham treatments n=7, using 400 kHz frequency n=5, and n=6 using
frequency of 600 kHz.
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Data are given as mean ±  SD. 


In vivo Epithelial Change Comparison

e The epithelial structural changes, observed in histological analysis, showed
an increase of:

— 4 times using 400 kHz
— 3 times using 600 kHz Change in Corneal Epithelium Structure
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e For sham treatments n=8, using frequency of 400 kHz n=6, and n=6 using
frequency of 600 kHz.



Drug Concentration vs Epithelial Damage

There is a direct
relation between the
drug concentration in
aqueous humor and
epithelial damage.
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The mean dexamethasone concentrations in the aqueous humor was 30.5 ng/ml
(range, 7.1-57.7 ng/ml).
Interestingly in spite of being a hydrophilic preparation it performs as well as the preceding dexamethasone preparation which is lipophilic.
Groups of rabbits were treated with a single standard dose of topically administered carbon14, ring-labeled ointment of 0.1% dexamethasone sodium phosphate. In the presence of an intact epithelium, no steroid could be detected either in cornea or in aqueous humor of the uninflamed eye. Removal of epithelium prior to therapy permitted passage of detectable steroid into cornea and penetration of the drug into the aqueous humor. Only a barely detectable corticosteroid level could be demonstrated in cornea and aqueous humor of the inflamed eye in the face of a structurally intact epithelium. Comparison of data obtained after administration of dexamethasone phosphate ointment with that previously obtained after administration of dexamethasone phosphate in solution reveals that the drug in ointment form produces lower steroid concentration in both cornea and aqueous humor than does solution form.  (Cox et al, 1972)



Temperature Changes

e The change in temperature fromt =0 to t =5 min:
— Inultrasound-treated cases was
03-6°C(4.0+1.1°C)for400 kHz
04-5°C(4.8°C+0.4°C) for 600 kHz

e Temperature recorded at different time intervals:

Temp (t=0 min) Temp (t=2.5min) Temp (t=5min)

Sham-treated 25.3+0.7 25.6+1.0 26.6+1.3

Ultrasound-treated 25.3+1.0 27.8+1.3 29.7+0.1

Values are shown as mean * standard deviation
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was in range of 25 - 28 °C but mostly at 25°C


Modeling Objectives

Thermal effects in different parts of the eye
Temperature increase at different parameters

Validating in vitro and in vivo results for temperature
increase in cornea

Limitation: no perfusion

— No blood flow in cornea and lens
PZFlex
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Thermal index set by FDA might be too strict so we can see if our model prove that this regulations might have to be improved. 
Thermal index: ratio of total device acoustic power to the power required to increase tissue temperature by 1C.
Temperature that we calculated during in vitro and in vivo are higher that FDA limits 
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Dimensions for rabbit and human
eyeball structures in mm.

Rabbit Human
Antero-posterior length 16-19 23-25
Anterior chamber depth 2.9 3.5
Thickness of Cornea in center 0.3-0.4 0.5
Diameter of Cornea 13.5-14 10.6
Thickness of Cornea in periphery  0.45 0.7
Thickness of Lens 6.36 3.5-4.3
Thickness of Sclera 0.328 0.5-1.0
Thickness of Choroid 0.068 0.1-0.5
Thickness of Retina 0.051 0.1-0.5

(Gwon 2008, Werner et al. 2006; Missel et al. 2010)



Acoustic and thermal characteristic of different eye structures

Geometric Eye Model

Speed of Sound Acoustic Attenuation Specific Heat Thermal Conductivity
(m/s) (dB/cm/MHz) (J/kgK) (W/mK)
Cornea 1586 0.78 4178 0.58
Sclera 1647 0.97 4178 0.58
Aqueous humor 1497 0.01 3997 0.59
Choroid 1527 0.95 3840 0.60
Lens 1647 1.19 3000 0.40
Vitreous humor 1532 0.01 3999 0.60
Retina 1538 1.15 3680 0.57
Optical Nerve® 1644 0.7 3750 0.53

(Opie et al. 2010, Duck 1990, deKorte et al.1994)



Modeling Setup

Theoretical model of whole eye based on accurate geometrical
measurements, and acoustic and thermal characteristics of eye
structures.

An unfocused continuous ultrasound beam at frequency of 400 KHz
-1 MHz and 0.3-1.0 W/cm? intensities.

Axi-symmetric modeling
Base temperature = 37°C

Materials
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I want to make sure the meshing density that I chose is most suitable for the modeling work.  the peak as a function of element per wavelength, and simulation time as a function of element per wavelength should be tested to find the best. 


Modeling Setup

Unfocused transducer with 15 mm active diameter was placed
at dg.

The entire eye, other than cornea, was placed inside tissue
mimicking gel.

The material between eye and transducer was water.

Materials

muscle

Iris

nerve

aqueous humor
vitreous humor

sclera

64mm |9

choroid |

retina



Presenter
Presentation Notes


I want to make sure the meshing density that I chose is most suitable for the modeling work.  the peak as a function of element per wavelength, and simulation time as a function of element per wavelength should be tested to find the best. 




S
Modeling Ultrasound Wave Propagation into Eye

Acoustic Pressure > Energy Loss over Temperature
Calculation One Cycle Calculation

I = intensity W/m? , p, is the
pressure amplitude in kg/s?m, p is
density in kg/cm?3, and c is speed
of sound in m/s.
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This is an example of result from acoustic simulation. First I ran the acoustic simulation which give me the loss or thermal information  which was used in thermal simulation. 
- The modeling work was done in a finite element analysis environment – PZFlex. The modeling process involves two basic components: Acoustic field simulations and thermal solution. The acoustic field simulations was based on linear wave equation, and continuous wave is sent to the field, and after a stable field is established, one cycle of energy loss is recorded. Use this loss file as an input, temperature is calculated based on the bio-heat transfer equation.


Explain the amplitude equation



Results at
400 kHz

Tyuax ~ 39°C in the lens
at frequency of 400
kHz and intensity of
1.0 W/cm?,
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Results at
600 kHz

Tuax ~ 40.5°C in the
lens at frequency of
600 kHz and intensity
of 1.0 W/cm?.
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Results at
800 kHz

Tuax ~ 42.5°C in the
lens at frequency of
800 kHz and intensity
of 1.0 W/cm?.
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Results at
1 MHz

Tyax ~ 43.5°C at proximity

of the lens at frequency of 1

MHz and
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Future Work

Investigating safety factors of ultrasound application in the
proximity of the bone (for example optical nerve) and also
bone itself.

Using pulsing method may increase the treatment time but
would result in lower temperature increase.

Drug delivery into the back of the eye.

Ocular delivery of macromolecules.
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Due to the complexity of the initial model and the modeling software, the bone will not be added in initial stages of the modeling. 



Conclusions

e Confirmed the use of ultrasound in vitro and in vivo,
increased ocular drug delivery.

e SKkills in tissue processing, animal handling, and image
analysis using microscope were developed.

A set up demonstrated the feasibility of mechanical and
thermal effect of ultrasound in enhancement of corneal
permeability.

A model was established for safety of this application.
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