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Introduction 

 

 

 

 

 

Millions of people all over the world affected from different types of ocular disease. 

The recent report on ocular diseases by world health organisation (WHO) focuses on 

four disorders that pose the greatest threats to vision after the age of 40: cataract, 

glaucoma, age-related macular degeneration, and diabetic retinopathy. Cataract is 

the single most prevalent cause of blindness in the world, accounting for upto 80% 

of mass blindness. There are lot of methods are used to detect and differentiate the 

diseases and based on the detection, new treatment methods are proposed. 

However, they do not provide any relationship between blood flow and ocular 

diseases. My research activities mainly focused on non-invasive optical techniques 

for blood flow measurements.  

The application of laser Doppler techniques for investigation of blood flow in the 

posterior segment of human eye has provided much useful information on the 

physiology of ocular blood flow in the retina, optic nerve head and choroid [1] and 

alterations in perfusion in these tissues in diseases [2]. Laser Doppler flowmetry 

(LDF) is a non-invasive technique to investigate ocular microvascular 

hemodynamics in humans. The technique was introduced into the field of 

biomedical engineering in the year 1970. LDF parameters derived from the model of 

Bonner and Nossal [3] was first applied to the human eye by Riva et al [4]. LDF has 

number of limitations that may have reduced the clinical impact of the technique. 
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LDF measurements depends  on the scattering geometry defined by the directions of 

the incident and scattered laser beams, the separation between theses beams at the 

sampled volume [5] and the scattering properties of the tissue [6].   

Timolol-maleate, a non-selective β-adrenergic receptor blocking agent that 

commonly used to lowers intraocular pressure (IOP) in ocular hypertensive and 

glaucoma patients.  Most of my research is focused on measurement of blood flow in 

the choroidal region of human fundus. The present thesis is proposed to report the 

effect of timolol on heart rate, IOP and choroidal blood flow (ChBF). LDF 

measurements do not provide absolute blood flow measurements, because of 

uncertainty in knowing the sampling volume. Changes in pupil diameter resulted in 

larger scattering angles for the beam emerging out of the pupil and bigger variations 

of the location of the incident beam at the pupil. Both presumably affect the LDF 

values and their variability. In this thesis, a new method is proposed to reduce the 

variability and increase the sensitivity of LDF measurements for the study of various 

pharmacological agents on ChBF.     

Optical imaging of human retina is a novel method to estimate spatial and temporal 

activation properties of retinal layers can be revealed in normal and pathologic 

states. The basic principle of functional imaging of human retina is to study the 

characteristics of the visual stimulus induced hemodynamical response in different 

regions of the eye [7]. The reflectance changes are originated from visual stimulus 

induced changes in the light scattering and light absorbance changes associated with 

metabolic and hemodynamic changes in blood volume or the oxygenated state of 

haemoglobin of neural tissues [8]. Neural activation of ocular tissues is predominant 

at near-infrared wavelengths causes decrease in reflectance due to decreased 

scattering of light. The reflectance changes are very small, and the changes induced 

by visual stimulus on neural activity are less than 1 % of total reflectance of light 

from the ocular tissues. In this thesis, I have reported the development of an 

instrument for functional imaging of human ocular fundus in near infrared 

wavelength at 770 nm and the reflectance changes in response to diffuse flicker 

stimulation at three wavelengths (430, 523 and 572 nm). 
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Chapter 1 introduces different type of ophthalmic instrumentation used in clinical 

application. 

Chapter 2 reports the theoretical background, development and practical 

considerations behind laser Doppler flowmetry and ocular fundus reflectometry. 

Chapter 3 describes the experimental setup and measurements of effect of timolol on 

subfoveal choroidal blood flow (ChBF) 

Chapter 4 describes the effect of tropicamide on scattering geometry and the 

technique to reduce the variability in LDF measurements 

Chapter 5 describes the development of functional imaging system and visual 

stimulus induced changes in human near-infrared fundus 
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C H A P T E R   1 
---------------------------------------------------------------------------------------------------------------- 

 

 

 

 

Ophthalmic Instrumentation 

 

 

 

During the last twenty years, there have been rapid and often dramatic 

developments in the applications of technology in medicine and health care. Several 

major eye diseases may be characterized by deficits in ocular blood flow [9]. There 

are many instruments that the eye doctors might use to evaluate the eye and vision 

system. The most commonly used instruments in ophthalmology were divided into 

two sections: instruments for the diagnosis of eye health and instruments used to 

determine the status of the vision system. 

 

1.1 Instruments for eye health evolution 

The crucial part of eye health evolution is determining the health of retina and the 

vitreous humor.  The ophthalmoscope or funduscope allows the health professionals 
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to see the inside fundus of the eye during the physical examination. The commonly 

used ophthalmoscopes were either direct or indirect types.  

The direct ophthalmoscopes are handheld device and produces images in upright 

and un-reversed with approximately 15 times magnification. The direct 

ophthalmoscope was used to examine the back of the eye; the back of the eye 

constitutes optic nerve, blood vessels, the macula and the fundus.  It can also detect 

changes in the clarity or obstructions in the normally transparent ocular media. The 

 

 
 

(a) (b) 

Figure 1.1 Ophthalmoscopes. (a) Direct Ophthalmoscope and (b) Indirect 

Ophthalmoscope 

 

instrument was located at about few millimetres in front of the pupil for viewing the 

back of the eye. On the other hand, the indirect ophthalmoscope constitutes a light 

mounted headband and a handheld lens produces inverted and reversed images 

with approximately about 3 times magnification.  

The slit lamp instrument consists of a high-intensity light source. It can be focused to 

shine a thin sheet of light into the eye. The slit-lamp bio-microscope provides a high 

magnification view of the front structures of the eye, including the cornea, iris and 

lens, and with the use of the condensing lens, it allows a detailed, stereoscopic view 

of the retina. It is used to detect tissue damage to the ocular surface including the 
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cornea, conjunctiva and lids. It can also detect inflammation of the internal 

structures, cataract changes of the crystalline lens and more. It is used extensively for 

the fitting of contact lenses and detecting contact lens related to tissue changes in the 

cornea and surrounding tissues. 

 

 

Figure 1.2 Slit-lamp microscope 

 

 

 

Figure 1.3 Visual field tester 
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The visual field tester is a primary tool detects the vision field loss due to glaucoma, 

retinal tears, artery and vein occlusions and tumours along the optic nerve pathway 

and brain [10]. Visual field testing is essential in determining retina disease or 

neurological deficits in the visual pathways between the eye and the brain. 

The recently developed Humphrey FDT (Frequency Doubling Technology) unit 

(Figure 1.3) offers a very rapid screening protocol and fast full-threshold 

comparative testing compared to the other devices. The patient observes an 

oscillating bar pattern which appears in various locations on a video screen in the 

unit and indicates that the subject see the image by pressing a mouse button on a 

clicker. Other field testers include the "big bowl" and "big box" units by a number of 

manufacturers. These are larger machines that display individual points of light on 

the inside of hemispherical shell. The patient sit and place the head just inside the 

box and observes the light show and, as with the FDT, indicates seeing the target by 

pressing a mouse button. For all machines, a software program plots the observed 

targets in the field and uses a database to compare patient responses to expected 

age-relative normals. 

 
  

(a) (b) (c) 

Figure 1.4 Intraocular pressure measuring instruments. (a) Goldman tonometer (b) 

Applanation meter (c) Ocular response analyser 

 

Tonometer is a device that measures intraocular fluid pressure in human eyes. A 

portable Goldmann type tonometer was shown in Figure 1.4. The Goldman 

tonometer was gold standard for diagnostic testing of human eye pressure. Other 
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Goldmann tonometers are mounted on the slit lamp. These units require the use of 

fluorescein dye and, most often, a drop of topical anaesthetic. Ocular response 

analyser is one type of non-contact tonometer. The Ocular Response 

Analyzer utilizes a rapid air impulse, and an advanced electro-optical system to 

record two applanation pressure measurements; one while the cornea is moving 

inward, and the other as the cornea returns. Due to its biomechanical properties, the 

cornea resists the dynamic air puff causing delays in the inward and outward 

applanation events, resulting in two different pressure values. 

 

1.2 Instruments for refractive error determination 

 

Figure 1.5 Keratometer  

 

The keratometer measures the curvature of the anterior cornea and determining the 

degree of astigmatism error. The keratometer is a useful instrument in diagnosing 

cornea diseases.  

 

Figure 1.6 Corneal topographer 
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The automated topographer maps many data points on the surface of the cornea 

relating the curvature changes at different locations. The information is displayed on 

a video screen and can be printed out as hard copy using printers. The instrument is 

not used during the standard examination and widely used in the process of contact 

lens fitting. The automated topographer is very much helpful in the diagnosis of 

keratconus and in preparation for laser refractive surgery. 

 

Figure 1.7 Retina Scope 

 

The retina scope is a handheld device was used to determine the optical prescription 

and the lens power presents in the retina with help of clearly focused image. The 

retina scope projects a light source to the back of the eye. The operator made use of a 

dial to adjust the lens power required to focus that light source correctly on the 

retina. The retina scope is used routinely in ophthalmic clinics to test the refractive 

error.  

The refractor or phoropter is an instrument with combination of lenses and prisms 

and used for optical correction. The data from the retina scope was used by the 

examiner subjectively adjusts the lens powers for optimum usefulness and patient 

comfort. The examiner asked questions to the subjects about the vision afforded by 

two different lenses. The examiner uses this information to fine tune the lens power. 

The initial settings of the phoropter were done by use of a retinoscope or any other 

automated refractor. 

http://en.wikipedia.org/wiki/Retinoscope
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Figure 1.8 Phoropter 

 

The major components of the phoropter are the JCC (Jackson Cross-Cylinder) used 

for astigmatism correction, Risley prisms to measure phorias and vergences, and the 

(+), (−), and cylinder lenses. From the measurements taken, the specialist will write 

an eyeglass prescription that contains at least 6 numerical specifications (3 for each 

eye): sphere, cylinder, and axis and possibly pupillary distance. 

The lenses within a phoropter refract light in order to focus images on the 

patient's retina. The optical power of these lenses is measured in 0.25 diopter 

 increments. The examiner is able to determine the spherical power, cylindrical 

power, and cylindrical axis necessary to correct a person's refractive error by 

changing the lenses. The presence of cylindrical power indicates the presence 

of astigmatism which has an axis measured from 0 to 180 degrees away from being 

aligned horizontally. The instrument contains many lenses and some of them used 

to present double image of the chart and compare the visions of the two eyes.  

 

 

http://en.wikipedia.org/w/index.php?title=Risley_prism&action=edit&redlink=1
http://en.wikipedia.org/wiki/Eyeglass_prescription
http://en.wikipedia.org/wiki/Pupillary_distance
http://en.wikipedia.org/wiki/Retina
http://en.wikipedia.org/wiki/Optical_power
http://en.wikipedia.org/wiki/Dioptre
http://en.wikipedia.org/wiki/Astigmatism_(eye)
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1.3 Instruments for blood flow measurements  

The blood vessels of the iris and inner retina are observable through the clear cornea, 

and the blood flow measurement in the eye is extremely difficult. The simple 

approaches are ineffective to access the different vessels, capillaries and vascular 

beds. The clear optical path between cornea to retina leads to the basic principles in 

many optical imaging techniques. 

             

Figure 1.9 Optical coherence tomography    

 

Figure 1.10 Retinal vessel analyser 

 

The film-based fundus photography is the oldest technique to assess the vessels and 

measure the blood flow. However, they are modified in the years to the instruments 

like scanning laser ophthalmoscopes and optical coherence tomography. The retinal 
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vessel analyzer (Imedos, Jena, Germany), is a video based imaging technique mainly 

devoted for measuring retinal vessel diameters. The information about the retinal 

vessel is response of the alterations in the biological system due to internal or 

external mechanisms or due to drug. The measurement of velocity in the same vessel 

is used to calculate the volumetric blood flow. Such a velocity measurement on 

larger vessels is done with dual-beam laser Doppler velocimetry [11]. The blood 

flow in retinal artery, posterior ciliary arteries are measured with ultrasound 

Doppler imaging technique, and the blood flow in retinal and optic nerve head 

microcirculations are measured with Doppler speckle technique. 

 

 

Figure 1.11 Laser Doppler flowmetry 

 

Laser Doppler flowmetry (LDF) is a non-invasive technique based on fundus camera 

and fiber optic unit to provide relative measurement of red blood cell flux (the 

product of mean velocity and the mean volume) in a small area of laser-illuminated 

tissue. These techniques mainly used for blood flow measurement in optic nerve 

head, sub-foveal choroid, iris and small blood vessels. The advantage this technique 

is able to provide continuous real time blood flow measurements at different sites on 

the human ocular fundus.   
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Figure 1.12 Ocular fundus reflectometry 

 

Ocular fundus reflectometry is a technique aimed at the in-vivo measurement of 

reflectance of tissues of the ocular fundus. Its principle is based on imaging the 

changes in tissue reflectance of light are elicited by stimulus-induced changes in 

neuronal activity. Such reflectance changes are originate from stimulus-induced 

changes in light scattering properties of neural tissue, and from changes in light 

absorption associated with hemodynamic changes in blood volume. Imaging the 

stimulus-induced changes in near-infrared fundus reflectance in humans is a novel 

method for the study of the physiology of human visual system, and for early 

detection of disease states.  
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--------------------------------------------------------------------------------------------------------------- 

C H A P T E R   2 
--------------------------------------------------------------------------------------------------------------- 

 

Theoretical Background 

 

 

Laser Doppler flowmetry 

 

 

Laser Doppler flowmetry (LDF) is an accurate continuous non-invasive real-time 

measurement of flow of red blood cells in ocular tissue. The microvascular blood 

flow of red blood cell (RBC) is sometimes referred as ocular perfusion. Number of 

in-vitro and in-vivo experiments predicts LDF output has been shown to be 

reproducible and to correlate with ocular blood flow as estimated by other methods. 

“Doppler” refers to the frequency shift that arises in light that has been scattered by 

moving red blood cells (RBC) in blood vessels or capillaries in human eye. Laser 

Doppler Flowmetry (LDF) works by illuminating the tissue under observation with 

single frequency low power laser light and the blood flow was estimated by 

processing the frequency distribution of the backscattered light. 

The first experimental studies using LDF were performed on rabbits using Helium-

Neon laser in 1970 [12]. The instrumentation setups have been modified and 

improved over the years [13]. Laser Doppler perfusion monitoring (LDPM) is a 

continuous non-invasive optical fiber based technique used for assessing the quality 

of the microcirculation of the skin. In this system an optical fiber is used to guide the 

light from the laser source to the tissue and from the tissue to the detector. The laser 

Doppler perfusion imaging (LDPI) technique was developed to scan over the tissue 



16                            Methods of estimation of ocular hemodynamics in human fundus 
 
 
 
 

of interest to from an image. The perfusion value in each scanning position is 

calculated and transformed into a pixel value, and the scanning procedure lasts for a 

couple of minutes to form an entire image. The detector is typically placed some 10-

20 cm above the tissue surface. In some systems a lens focuses the light on the 

detector.  

 

                                                  a                                                          b 

                             Fiber optic probe                                         Scanning Mirror         

                                                                                                                                  

 

 

 

 

 

 

Figure 2.1 (a) LDPM and (b) LDPI on tissue model. LD laser diode, PD Photodetector 

 

2.1 Light source 
 

A laser source produces an intense beam of light with single wavelength. The light 

generated by laser source is a monochromatic, directional, and coherent in nature. 

The backscattered light forms an interference pattern on the avalanche 

photodetector and the fluctuations carry information about the Doppler shifts. The 

primary wavelengths used in laser include the ultraviolet, visible, and infrared 

PD 

PD 

LD 

LD 
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spectrum and the maximum input power at the human eye was always kept below  

1 mW to avoid any eye damage due to heating [14]. 

 

2.2 Doppler shift and Light interaction with 

ocular tissue 

The basis of laser Doppler flowmetry is the optical Doppler effect described by the 

Austrian physicist Christian Doppler in an article entitled “On the Colored of Double 

Stars and Some Other Heavenly Bodies”, which describes that the light scattered by a 

moving particle induces frequency shifts depending on the movement of the 

particle, the direction of the incoming light and the direction of the scattered light.  

 

                                             

 Figure. 2.2. Schematic diagram of the Doppler effect 

 

Consider a red blood cell (RBC) moving at velocity V in the direction shown in 

Figure 2.2. A laser beam of single frequency fi i 

to the direction of V. The incident light is scattered by RBC in different directions. In 

s with V, the frequency of this 

light will differ from fi by an amount equal to            

Source Light detector 

Incident light 
Scattered light 

V 

fi 

fs 

i 

s 

RBC 
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                                                                                                              (2.1) 

s 

and   , the index of refraction n of the medium containing the particle and the 

wavelength, λ, of the laser light in vacuum [15]. According to equation 2.1, the larger 

scattering angles will produce a larger frequency shift, with the largest  frequency 

shift is possible when the impinging light is scattered back on the same direction of 

impinging (   = π rad). Biological tissue is a transparent medium allows multiple 

scattering of lights. When the tissue is not moving, red blood cells flowing in that 

tissue induce some considerable amount of frequency shifts. The light scatters by the 

moving red blood cells in the direction of the incoming light fi induces larger 

scattering and regarded as random compared to the direction of the blood flow. 

Laser Doppler measurements are insensitive to the direction of blood flow due to the 

movement of the red blood cells in capillary and vessels. When the scattering angle 

s is very small, the frequency of the scattered light fs, is independent from the 

frequency incoming light fi for red blood cells. The scattering angle with equal 

probability produces same frequency shift. The total frequency shift is large, if the 

light scattered multiple times by moving red blood cells. According to the equation 

2.1, when the red blood cells moving orthogonal to the incoming light, the frequency 

shift is very large even though scattering angle ( s ≈ 0 rad) is small. The Doppler 

shifts usually very large due to the movement of RBCs parallel to the light 

propagation and smallest for movement orthogonal to the light propagation. 

 

2.3 Principles of light scattering and absorption 

Electromagnetic theory and Quantum theory is very much needed to understand the 

complex nature of propagation the light. Light propagation through a medium 

dependent upon the refractive index of medium as described by Ray optics, Snell’s 

and Fresnel’s laws. Ray optics is most inadequate in describing the propagation of 

light in biomedical applications. When the light interacts with a particle two process 

can occur: it can be either scattered or absorbed.   
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Scattering 

Scattering is a physical process of light deviate from the original path when they 

pass through a medium [16]. The deviation of the incoming light with an angle is 

predicted as reflection. The light hit by a particle is scattered in many directions and 

some time reflected back on the direction of the incoming light. In a homogeneous 

medium, the particles are arranged in an ordered pattern giving a constant refractive 

index, so the waves are re-radiated in all directions and the light beam propagating 

in the forward direction only. [17] 

 

 

 

          Incident light         scattered light 

 

 

 

Figure 2.3 Scattering of incident light by a particle  

 

The change in ordered pattern of the particle induces a change in refractive index. 

The inhomogeneous refractive index causes the light to propagate in all directions 

than in the forward direction. The scattering angle depends upon the size and shape 

of the objects. When the size of the object is larger than the wavelength a fraction of 

the light is reflected at the boundary and the remaining light refracted. The angle of 

refraction is given by Snell’s law 

                                            n1sinθ1=n2sinθ2                                                                                                           (2.2) 

where n1 and n2 are the refractive indexes of the object and surrounding medium 

and θ1 and θ2 are angle of incidence and transmittance respectively.  The specular 

reflectance is obtained, when a fraction of un-polarized light is reflected. The 

amount of specular reflectance is calculated using Fresnel’s law 

http://en.wikipedia.org/wiki/Light
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The efficiency of the scattering by a particle (ρs) is depending upon the scattering 

cross section (σs) and the scattering coefficient of the medium (µs). The distribution 

of the scattering angles was described by scattering phase function. The mean cosine 

of the scattering angle is anisotropy factor which describes the level of forward 

scattering. The anisotropy factor (g) is proportional to the absorption coefficient. The 

red blood cell (RBC) is an example of a particle with a very high anisotropy factor.  

Absorption 

The energy of the light is transferred during the absorption process. The quantum 

theory denotes the energy absorption by a molecule leads to change in energy level 

from lower level to higher level [18]. The complex structure of biological molecules 

induces infinite amount of transitions. The absorption spectra of the biological 

tissues are smooth and continuous. The efficiency of an absorbing particle at a 

certain wavelength is denoted as absorption cross section (σa) and is given by the 

geometrical cross section of the particle, weighted with an absorption efficiency 

factor. The absorption coefficient is given by  

                                                µa= ρa σa                                                                               (2.4) 

where ρa is the number density of absorbers in a medium. The mean path length of 

the light propagating through the media before absorbed by a particle is given by 

Beer-Lambert’s law [16]. This law gives a logarithmic dependence between the 

transmission of light (T) through a substance and the product of the absorption 

coefficient of the substance ( ) and the distance the light travels through the material 

(l).  

                                            T=
  

  
 =                                                                                   (2.5) 

where N is the no of density absorbers. The light intensity decays with the 

penetration distance l through an absorbing material, where I0 is the intensity of the 

incident light. 

 

http://en.wikipedia.org/wiki/Absorption_coefficient
http://en.wikipedia.org/wiki/Absorption_coefficient
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2.4 Doppler shift power spectrum 

The light impinging on the avalanche photodetector contains all lights includes, non-

shifted light, single shifted, and multiple shifted. The interference of the coherent 

light gives small frequency differences within the light, caused by the Doppler shifts. 

This leads to amplitude variations in the detector current which can be analyzed by 

looking at the power spectral density of the signal, called the Doppler shift power 

spectrum (DSPS).  

Let us consider a light back scattered by an RBC flowing through a vessels or optic 

nerve in human ocular tissue. The back scattered light contains sum of un-shifted 

light and Doppler shifted light. The un-shifted light retains the same frequency of 

the laser source. The optical path length and the angle of the shifted light vary with 

medium it scatters and longer optical path light having larger wavelength of the 

light. Most of the light emerging from the tissue is scattered by the static structural 

components of the tissue. This non-shifted light acts as a reference signal and that is 

mixed at the surface of the photodetector with the Doppler-shifted light scattered by 

the moving RBCs. The Doppler shifted signal contains both the positive and 

negative shifted light according to the direction of the movement of RBC [6]. The 

detector squares the sum of the shifted and non-shifted light at its surface; its output 

current contains only the positive oscillating components oscillating at the various 

     not the original   . A plot of the power of the photocurrent as a function of    

constitutes the Doppler shift power spectrum (DSPS).  
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2.5 Practical considerations in LDF technique 

Measurement Volume 

Most LDF techniques involved in blood flow measurements provide only relative 

measurements due to the uncertainty in knowing the sampling volume. The most of 

the signals impinging on the optical fiber originating from the volume is close to the 

probing beam on the ocular tissue. Scattering and absorption properties of such 

tissue affect the measurement of volume.  

Monte Carlo method is able to simulate complex structure of the vascular beds with 

different Doppler shifts to obtain the measurement volume. Various studies 

exploited for the measurement of volume using the Monte Carlo technique have 

previously reported that most of the reflected light comes from close to the detector 

and signal from the deeper vascular beds or vessels having higher velocity [19,20]. 

The measurement volume in biological tissues depends on the optical properties of 

the tissues.  

Movement of artefacts 

LDF measurement of blood flow is affected by the movement of artefacts associated 

with the perfusion signal. The movement of measuring tissue or fiber-optic probe 

may causes larger perfusion signal [21-22]. The movement of the fiber collecting the 

reflected light from the human eye contributes some uncertainty at the low 

frequency part of the Doppler shift power spectrum. The uncertainty at low 

frequencies is avoided to some extent using a small aperture fiber placing very close 

to the tissue [23]. The low frequency component below 30 Hz is filtered using a high-

pass filter. The noise associated with optical fiber may be reduced using a same fiber 

for delivery and detection [24-26]. 

The total Doppler shift of the light reflected at the surface tissue having a same 

velocity component. In LDF instruments, the laser source and the detector is 

sufficiently separated from the tissue surface. The time-varying components of 

effective scattering vector for all reflected light are same. A large amount of light 
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may be directly reflected in the tissue surface adding only to the movement artefact 

without gaining any frequency shifts from the blood perfusion. Tissue motion and 

the physical movements of the subjects produce more artefacts in a non-contact 

measurement technique such as laser Doppler perfusion imaging than with 

monitoring using the probe fixed on the skin [27]. Large motion of artefacts was 

introduced in LDPI method, because it takes few minutes to complete one scan of 

entire image under the detector. This motion of artefacts in LDPI method may be 

reduced by placing a polarized filter in front of the detector.  The recently developed 

full-field technique is more efficient to reduce the influence of movement of artefacts 

compared with the scanning techniques.  

 

2.6 Laser safety issues 

Human eye is the most sensitive part of the body. The  laser radiation  focused on 

the eye's lens to a small spot on the retina cause serious permanent damage within 

fractions of a second – even when the power level is only of the order of a few 

milliwatts [28]. Damage can result from both thermal and photochemical effects. 

All instruments uses laser as a light source must follow specific laser safety 

standards. The laser safety rules may vary from country to country and depends 

upon the legal regulation enforced in that country. However, the rules are framed 

based on some international standards like IEC (International Electrotechnical 

Commission), ISO (International Organization for Standardization), or other 

national societies such as ANSI (American National Standardization Institute). Most 

of the world, the applicable laser safety standard is the international standard set by 

the International Electrotechnical Commission (IEC), and known as IEC 60825 [29].  

Different parts of the eye can be damaged by the laser light depending upon the 

wavelength and power. Most of the impinging optical power is usually absorbed by 

melamine pigments in the pigment epithelium [30]. 
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Table 2.1 Wavelength regions of optical radiations and pathological effects defined 
by international commission of illumination [31] 
 

Region Wavelength                              Pathological effect 

UVC 100-280 nm Photokeratitis 
UVB 280-315 nm Photochemical cataract 
UVA 315- 400 nm Pigment darkening , Photo sensitivity 

Light * 400- 780 nm Retinal burn, Photochemical retinal injury, Skin 
burn 

IRA 780 – 1400 nm Retinal burn, Thermal cataract 
IRB 1.4 – 3.0 µm Corneal burn 
IRC 3.0 µm – 1mm Corneal burn, Skin burn 

* The limits for the human eye vary among individuals over the ranges 
indicated 
 

ISO 15004-2 specifies fundamental requirements for optical radiation safety for 

ophthalmic instruments and is applicable to all ophthalmic instruments that direct 

optical radiation into or at the eye. It is also applicable to all new and emerging 

ophthalmic instruments that direct optical radiation into or at the eye [32]. 

Maximum permissible exposure (MPE) is the level of laser radiation to which a 

person may be exposed without hazardous effects or biological changes in the eye. 

MPE levels are determined as a function of laser wavelength, exposure time and 

pulse repetition. The MPE is usually expressed either in terms of radiant exposure in 

J/cm2 or as irradiance in W/cm2 for a given wavelength and exposure duration. The 

ANSI standard defines MPE levels for specific laser wavelengths and exposure 

durations. The ANSI Z136 series is recognized by OSHA (Occupational Safety and 

Health Administration), and is the authoritative series of laser safety documents in 

the United States [33].  

2.7 Recent LDF improvements 

The Doppler effect induced by the blood cells to measure the blood flow was 

described by Stern [34]; LDF is approved recently as clinically applicable tool to 

estimate ocular perfusion after passing through several steps of improvements and 

developments. The major steps in the developments are reported by Watkins and 

Holloway [35], and followed by Stern [34]. Bonner and Nossal [3] developed a 

http://www.osha.gov/
http://www.osha.gov/
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theoretical model of signal processor for estimation of blood flow. The technical 

modification of LDF instrument and development of signal processor based on 

Bonner and Nossal method was reported in [36-38]. The most improvements made 

in the field of LDF were related to hardware enhancement including the 

development of LDPI. Many improvements were contributed in the field of signal 

processing and signal analysis techniques over the years. A detailed review of recent 

methodological developments in LDF can be found in [39]. 

LDF research involves spectral analysis of perfusion signal using a spectrum or 

wavelets. The average RBC velocity was estimated using logarithmic slope of 

Doppler shift power spectrum of the reflected light [40]. The major limitations are 

the depth of the measurement is influenced with optical properties of ocular tissues. 

Related techniques 

Before the development of LDF, the xenon washout technique [41] and the 

radioactively labelled microsphere technique [42, 43], are the main alternative 

methods to measure the microvascular blood flow. The injection of radioactive 

substance into the blood greatly limits their usefulness in clinical diagnoses of ocular 

diseases. 

Ultrasound Doppler techniques are widely used to measure the unidirectional blood 

flow in larger vessels. The thermography can be used as estimator, when the blood 

flow is related to the temperature of the tissue [44-46]. The major disadvantage of 

this method is the blood flow and temperatures are not directly connected. The 

information about the blood flow in human eyes is estimated with number of non-

invasive optical techniques. The most direct method is capillary microscopy 

technique for the study of microcirculation in several diseases, especially disorders 

of connective system. The blood velocity can be estimated by inspecting the spatial 

dislocation of the RBCs frame by frame [47]. This technique is unable to measure the 

blood flow velocity due to the difficulty in identifying the number of active capillary 

vessels in that area. 
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The blood volume and oxygen saturation was estimated with other optical methods 

like photoplethysmography (PPG), pulse oximetry, and diffuse reflection 

spectroscopy. However, these methods do not provide any information about blood 

flow. Diffusing wave spectroscopy (DWS) is an optical method based on strong 

multiple scattering [48]. The DWS method results in larger measurement volume 

due to the larger separation of source and detector and the output are depends on 

high flow blood vessels. LDF is currently used in various fields including neuro 

surgery, cancer treatment and wound healing.  
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Ocular fundus reflectometry 

 

 

 

The study of hemodynamics of the posterior segment of the eye can solve many 

problems in ocular diagnoses. Mainly the retinal circulations are investigated more, 

because it contains large amount of information. Photographic methods give fairly 

accurate estimate of the diameter of the larger retinal vessels and veins. The blood 

circulation time in the retinal vessels may be changed due to the raised intraocular 

pressure. 

The study of choroidal blood flow is more difficult in fluorescein angiography, 

because the choroidal tissues contain dense of pigments. Many researches oriented 

towards study of behaviour of choroidal vessels using microscope was disturb the 

pathological conditions of the eye. Radio isotopes are used to estimate the choroidal 

blood flow and volume through continuous measurement process.  

2.8 Functional imaging methods 

Functional imaging is an interdisciplinary activity that allows scientists, engineers 

and physicians to simultaneously quantify the structural and functional aspects of a 

biological system. Functional imaging is a method used to detect the changes in 

blood flow. However, in the medical field images from the various part of the 

human body can be used for clinical purposes. Modern functional imaging methods 

are experimental tool to evaluate significant physiological changes occurred in the 

tissues through non-invasive technique. 

The study of human brain function based on analysis of data acquired using brain 

imaging methods such as Electroencephalography (EEG), Magneto-

encephalography (MEG), functional Magnetic Resonance Imaging (fMRI), Position 

Emission Tomography (PET) or Optical Imaging.  



28                              Methods of estimation of ocular hemodynamics in human fundus              

 

 

Functional magnetic resonance imaging (fMRI) and visual field mapping methods 

are used in clinical environment to diagnose and predict visual field defects. fMRI 

can be used to map the topography and function of visual cortex in and near a 

potential site of surgery. A visual defect simulator can provide the predicted regions 

of blindness in the visual field. Electroencephalogram (EEG) which records electrical 

voltages from electrodes placed on the scalp and the Magneto-encephalogram 

(MEG) which records the magnetic field from SQUID (superconducting quantum 

interference device) sensors placed above the head.  Both MEG and EEG have a high 

temporal resolution and spatial resolution in the order of centimetres. However, 

functional Magnetic Resonance Imaging (fMRI) has low temporal but relatively high 

spatial resolution.  

Fundus photographs 

The observation of the fundus of the eye was used to diagnosis of ocular diseases 

with the help of ophthalmoscope. Fundus photographs can provide permanent 

record of these observations. Recent advancements in the field of electro-optics lead 

to number of new methods for functional imaging. CCD arrays replaced the 

photographic film in the conventional optical system to imaging the extended area 

of fundus. The images formed by focusing laser beam across the fundus while 

collecting the reflected light. This technique is used in confocal scanning laser 

ophthalmoscope (cSLO), cSLO tomography, polarimetry, and optical coherence 

tomography (OCT). Electronic detectors used in these instruments required proper 

calibration to measure the reflected light.  

Modern fundus camera design grew from the work of Helmholtz, who introduced 

direct ophthalmoscope in 1851. The design was modified and improved by Thorner 

in 1899 and Gullstrand in 1910. Nordenson introduced a camera based on Gullstrand 

principles in 1925. The first commercial fundus camera was marketed by Ziess in 

1926 based on Nordenson design. This camera had a 10 degree field of view and 

required one-half second exposure with color film.  The color fundus photography 

was attempted in early 1929.  The image quality in fundus photography limits their 
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use in clinical practice.  The other limitations of the fundus photography are the 

slow film speed and longer shutter speed under carbon arc illumination system. 

Hartinger replaced an electrical lamp for the illumination instead of carbon arc 

lamps.  

Fundus reflectometry had been initiated by Brindley and Willmer [49] and in this 

method measuring of the bleaching of visual pigments which occurs when light falls 

on the retina. This principle has been extended by Buchanan et al [50], to study the 

changes in fundus pigment degenerations of the retina. After a certain modification 

in the apparatus with a resulting increase in sensitivity, it was possible to obtain a 

continuous record indicating bleaching in the fundus of the living human eye after 

exposure to light. The first attempt for fundus photographs were used to taken in 

monochromatic light before and after bleaching by Mizuno et al [51]. The practical 

difficulties of fundus photography needed a photo-flash. Flower et al. [52] used 

fundus photographs at 10nm intervals from 400 to 900nm to study reflectance at 

several retinal sites. The reflectance values for wavelengths below 550 nm were very 

high due to stray light. The digital cameras are more advantages compared to film-

based cameras. Digital cameras are lower cost, easy to use, good resolution, and 

ability to modify the image quality through computer based image processing 

software’s. 

Video based systems 

Video based imaging systems are developed to avoid the problems in analyzing 

fundus photographs. The application of a television system to produce an electronic 

image of the human ocular fundus was described by Ridley [53]. This system was 

produced some unsatisfactory results due to optical artefacts. Ridley was modified 

the design using a flying spot monochrome television (TV) ophthalmoscope. Potts 

and Brown developed the colour television ophthalmoscope in 1959 [54]. The main 

disadvantage of these systems requires very high level of fundus illumination. 

Improvements in TV technology over the years produced larger number of high 

efficiency low cost cameras. Ziess produced first commercial TV funduscopy by 
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coupling the cameras with high efficiency ophthalmoscope. This method allows high 

speed recording of the images, however it requires large amount of time for dark-

room processing of films and subsequent need of projector screen. The fluorographic 

results are obtained using high-resolution TV funduscopy system at a faster rate 

[55]. Video-based fundus reflectometer offers greater flexibility in mapping the 

amount of visual photo-pigments and macular pigments. The major disadvantage of 

these imaging devices are having very low signal-to-noise ratio due to stray-light. 

Scanning laser ophthalmoscopes 

The development scanning laser ophthalmoscope for functional imaging of the 

retina effectively solved the stray-light problem [56, 57]. In SLO, a laser beam is 

moved in a raster pattern over the retina at video rate. This is achieved by using a 

combination of spinning and oscillating mirror. The reflected beam was collected by 

a photomultiplier. This beam moves in synchronise with laser beam, each pixel of 

the TV corresponds to a spot on the fundus. The laser’s high radiance allows using 

only a tiny central portion of the eye’s pupil for getting light in. The remaining part 

of the pupil is used to collect the reflected light.  

Scanning laser ophthalmoscopy [58] is a retinal imaging technique that is based on 

the standard scanning laser microscope. The important difference is that in scanning 

laser ophthalmoscopy, the optics of the eye serve as the objective lens. Scanning 

laser ophthalmoscopes and microscopes are equipped with a confocal aperture, 

offers better performance compared to the conventional imaging instruments [59]. 

The confocal SLO generates high contrast images and can do optical slicing through 

weakly scattering media making it ideal for imaging the multilayered retina. SLO 

with larger field of view (40 × 23˚) and a retinal detection area of 1.35˚ centred 

around the laser spot (0.06˚) on the retina was built by Utrecht research group [60].   

SLO were marketed for clinical purposes in late eighties and nineties [61]. These 

instruments were not suitable for quantitative determination of reflectance due to 

optical setup and lack of stability of the lasers and electronics. A commercial 

instrument was developed with linear detector amplifier, fast shutters for laser 
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beams and trigger unit to study the distribution of photo-pigments [62]. The first 

generation SLOs operated at one or two wavelengths and at one fixed focal plane. 

More recently, SLOs uses multiple wavelengths and different confocal setups for 

indirect infrared imaging of human retina [63-65]. 

CCD devices 

The CCD camera was introduced in 1997 as a recording device of images in 

spectroscopy [64]. The CCD devices use single flash slit-like spot to illuminate the 

fundus. The spot was imaged onto two-dimensional CCD chip and it records the 

local distribution of the ocular fundus spectra.   

A digital camera captures video or still images digitally through electronic image 

sensor. The resolution of a digital camera is limited by the image sensor. However, 

the images are stored as discrete pixel by replacing the films in the commercial 

photography. The sensor is made up of millions of "buckets" that counts the number 

of photons strike the sensor. The brighter the image at any given point on the image 

sensor having larger pixel value.  

2.9   Instruments used for fundus reflectometry 

The eye is more sensitive part in human body. The cornea, lens and fluids in the eye 

are more transparent to the light at wavelengths between 400 - 700 nm. Fundus 

reflectometry allows in-vivo measurement of the tissues of ocular fundus. The first 

generation ophthalmoscope contains two parallel glass plates used to reflect the 

light into the investigating eye. The instrument used to measure the fundus 

reflectance must follow the certain design aspects like optical configuration in retinal 

and pupil plane, spectral range and retinal luminance of the measuring light. 

Principles and applications of fundus reflectometry, covering both the historical and 

modern developments can be found in [67]. Van Norren and van de Kraats built a 

single spot reflectometer for the assessment of the optical density of the visual 

pigments in a small area on the retina illuminated by 30 W halogen lamps [68]. In 

this instrument, the light entrance and exit from pupil was separated by 0.25 mm 

http://en.wikipedia.org/wiki/Image_resolution
http://en.wikipedia.org/wiki/Image_sensor
http://en.wikipedia.org/wiki/Photon
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with half circular. The measuring beam wavelength can be changed using a 14 

rotating filter wheel.  

Delori and Pflibsen modified the single spot reflectometer with 3 ms flash of xenon 

arc lamp uses an annulus for the entrance beam and the beam exit from the pupil at 

the center of this annulus [69]. Delori improved spectrophotometer with a light 

source of 150 W xenon-arc lamps for measurement of spectral reflectance and the 

intrinsic fluorescence of the fundus [70]. The beam was attenuated with 2.5 neutral 

density filters and the illuminated field size was 3˚. The spectral analysis of the 

fluorescent and reflected light was done with a multichannel analyzer. 

Fundus camera with fundus spectrograph is allowed to measure the spectral 

reflectance of the retina and able to provide information about the spectral 

reflectance of blood vessels or small regions with retinal pathology [71]. This 

instrument uses a 40 × 1500 µm bar shaped pattern illuminated by a flash of a xenon-

arc lamp. Gorrand and Delori built an instrument with 543 nm He-Ne laser and field 

of view of 5˚ to study the function of photoreceptor in normal eyes [72]. Delori and 

Elsner modified photoreceptor alignment reflectometers to measure orientation and 

directionality of photoreceptors using a 543 nm He-Ne laser and field of view of 2˚ 

and entrance beam at the pupil is about 28 µm in diameter. Most reflectometers have 

no reference beam to compensate for alterations with time in the spectral emissivity 

and radiant intensity of the light source and to minimise the effects of low frequency 

drift that usually limits the sensitivity of a single-beam apparatus [73].  

2.10   Tissue reflectivity 

Eye is an important organ in the human body. It acts as a photo receptor and capable 

of image formation. The eyeball contains three covering layers: the sclera, the 

choroid, and the retina. The cross section view of the eye was shown in Figure 2.4.   

The sclera is a thin transparent layer of tissue covering the front of the eye. Its 

function is to protect the delicate working parts of the eye and direct light rays onto 
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the retina. The choroid is the vascular layer of the eye with connective tissues and 

lying in between sclera and retina. The retina contains light-sensitive tissues and 

lying inner side of the eye. The optics of the eye create image of the visual field on 

the retina.  

 

Figure 2.4 Cross section view of eye 

The cornea is the transparent barrier between the eye and the environment, 

protecting the eye from pathogenic microbes and dryness. The cornea is comprised 

of three major cellular layers: an outermost stratified squamous epithelium, a stroma 

with corneal fibroblasts (keratocytes), and an innermost monolayer of specialized 

endothelial cells. The major eye disease like age-related macular degeneration 

(ARMD), glaucoma and diabetic retinopathy (DR) are leading causes of blindness 

occur due to failure in ocular tissues. The invention of laser initiates the diagnoses 

and treatment of eye diseases. There have been more studies in the past on ocular 

tissues [74]. 

The light interacted with ocular tissue may be absorbed or scattered depending 

upon the properties of the tissue. Many non-invasive methods used for the 

diagnoses of scattering and absorption characteristics of tissues [75]. The amount of 

light scattered by the tissue was depend upon the angle of light incident with the 

tissue. Fundus reflectance mainly depends on absorption of light by blood vessels in 
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the fundus. The blood cells in vascularised choroid absorb more lights compared to 

other parts of eye. The ocular reflectance’s are affected due to the incident and 

reflected light are pass over each other. The transmission through the ocular media 

is increase between 400 – 550 nm and reaches almost a constant value above 650 nm.  

The modern investigative ophthalmology and vision science uses human tissues for 

laboratory studies of physiology, anatomy, pathology. The studies on human tissues 

are most important to investigate the reason for diseases. There will be a continuing 

need to examine well-characterized human tissues in light. The interaction between 

light and ocular tissues plays an important role in diagnoses and treatments of 

ocular disease [75]. Eye research using human tissues is an important component in 

clinical ophthalmology for early detection of dieses.  
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Effect of timolol on subfoveal choroidal 

blood flow 

 

 

 

The measurement of blood flow in the ocular fundus is of scientific as well as clinical 

interest. The scientific value of blood flow measurements lies in knowing the 

physiology of deep vascular beds under local and central nervous control. Its clinical 

potential lies in the early assessment of alterations in blood flow associated with 

specific ocular diseases like glaucoma, age-related macular degeneration and 

diabetic retinopathy. The blood flow measurements should be accurate, 

reproducible and sensitive enough to detect the early pathologic alterations. The 

spatial resolution should permit blood flow measurement at discrete sites in human 

eye includes the retinal, optic nerve and choroidal vascular systems. The temporal 

response should be fast enough to investigate of blood flow responses induced by 

various physiological stimuli. 
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Laser Doppler flowmetry (LDF) is a non-invasive real time blood flow measurement 

technique which allows the measurement of the flux of moving red blood cells 

(RBCs) in the microvasculature of a tissue [38]. The application of LDF technique for 

measurement of blood flow in human fundus includes the optic nerve head [5] 

(ONH), the retinal microcirculation, [76] and the choroicappillaris in the foveal 

region of the choroid [4]. The measurement of the subfoveal choroidal blood flow 

(ChBF) may become important in the investigation of the pathogenesis of age-related 

macular degenerations. LDF has been applied invasively in cats and rabbits in the 

investigation of the effect of various physiological and pharmacologic conditions on 

ChBF [77, 78]. The studies performed on cats and rabbits use a fiber optic probe 

inserted into the eyes and placed near to the retinal surface. Studies performed in 

minipigs [79] and in cats [80] have demonstrated that LDF could also provide non-

invasive measurements of ChBF. The laser Doppler flowmetry and blue field 

simulation techniques are truly non-invasive techniques to investigate ocular 

hemodynamics in humans. 

The human eye is supplied by two separate vascular systems: the retinal blood 

vessels and the uveal blood vessels. The uveal vessels include the vascular beds of 

the iris, the ciliary body, and the choroid. The retinal vessels include the light-

sensitive layers of cones and rods. The retinal metabolism entirely depends on the 

supply of nutrients and oxygen from the choroidal circulation. The choroidal blood 

flow (ChBF) is 10 to 15% higher than cortical blood flow. Alterations in human 

ocular blood flow are associated with many dominant eye diseases, including age-

related macular degeneration [81–84], diabetic retinopathy [85] and glaucoma [86].  

3.1 LDF instrument description 

Laser Doppler flowmetry measurements of relative optic nerve head blood velocity 

(ONHVel), volume (ONHVol) and flow (ONHFlow), and foveal choroidal blood 

velocity (ChBVel), volume (ChBVol) and flow (ChBFlow) were obtained using the 
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Oculix instrument developed by Drs Charles E Riva and Benno L Petrig. 

    

 

 

Figure 3.1 Schematic diagram of the fundus camera based laser Doppler 

flowmetry (LDF). The probing laser beam is delivered to the fundus through 

a steering system (SS) along the optical path of the fundus illumination. 

 

Figure 3.2 Experimental setup exploited for subfoveal choroidal blood flow 
measurements 
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The instrument is based on a modified fundus camera (Model TRC, Topcon-670, 

Tokyo, Japan). The optical systems for the delivery of the laser light and for the 

detection of the scattered light are based on the fundus camera arrangement shown 

in Figure 3.1. The complete experimental setup used for the subfoveal choroidal 

blood flow measurement was shown in Figure 3.2. 

The fundus camera contains three important units namely: illumination system, 

laser steering system and the detector system. The human fundus was illuminated 

with a help of halogen continuous light source (Hosobuchi, 6V, 30W). The brightness 

of the light source was controlled by a power supply (Topcon, FD-30). The 

illumination produces a sharp green ring on the cornea and this can be achieved by 

moving the camera up and down and right and left. This green illumination was 

used to view the fundus and allowed the operator to place the probing laser beam 

on the retinal vessels and optic nerve head. The laser steering system contains a laser 

source and focusing lenses. The fundus camera was modified with a laser source of 

670 nm, 40 µW. The laser light was delivered to the human eye through the same 

optical path of the fundus camera illumination. The optical power delivered by the 

laser diode was measured using PC-controlled optical power meter (SH-TO-USB, 

Ophir Optronics, Israel) equipped with an optical head (PD300-IR-SH, Ophir 

Optronics, Israel). 

The laser source was controlled through Oculix LDF-4000 unit. This unit was used to 

provide the probing laser beam and to collect the reflected beam from human eye. 

The probing beam was directed to the human eye with rotating prism mounted 

along the optical path of the laser light. The rotating prism was composed of two 

prisms and that rotates in opposite direction and directs the laser beam into two 

points on the human eye. By rotating the prism in the proper direction, we can 

obtain convergence of two laser points and obtain a sharp pin point laser probing on 

the human fundus. The laser beam was focused on human eye about 150 µm in 

diameter. 
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Figure 3.3 Picture of fundus camera based LDF system 

  

a b 

Figure 3.4 (a) Laser steering system and (b) fundus illumination 
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The laser source was mounted on a rotating basement to rotate the focused beam 

around 360˚ in a circular path (Figure 3.4). This basement was used to adjust the 

probing beam entrance on the temporal side of human eye, between 7 to 11 o’clock 

for OD and between 2 to 5 o’clock for OS. The vision correcting lenses contains 4 

lenses namely: normal vision, far vision, near vision and astigmatism. This rotatable 

vision correcting lenses should be adjusted according to the nature of the subject’s 

eye vision. 

 

  

a b 

Figure 3.5 (a) Detector system and (b) Illumination view seen through ocular 
 

The detector contains an ocular, avalanche photodetector with optical fiber and the 

control buttons for moving the fiber (Figure 3.5). The ocular was used to view the 

fundus and allowed the operator to direct the impinging beam to the measurement 

site and allowed to place the optical fiber on the top of the reflected light to get a 

maximum Doppler sound. The maximum Doppler shift was identified with the 

audio sound of the Doppler signal heard through a loud speaker connected to the 

LDF signal processing unit. By moving the fiber using the control button and 
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applying the joystick of the fundus camera to get a maximum sound as much as 

possible. The reflected light was collected by optical fiber with an aperture of 150 

µm. The collected light was fed into an avalanche photodetector (R1463 

Photomultiplier, Hamamatsu, New Jersey). The photocurrent at the output of 

photodetector contains the information about the Doppler shifts was amplified and 

analysed using LDF- 4000 (Oculix instruments, Pennsylvania, USA). 

The LDF-4000 signal processing system (Figure 3.6) was consists of three units 

namely: DSP, Cam and Amp. The digital signal processing (DSP) unit was to process 

the LDF signal using software loaded on a personal computer (PC). This software 

was developed on Bonner and Nossal model using Doppler shifts power spectrum 

in real time and works with fast Fourier transform of the input detector signal.  

 

  

a b 

Figure 3.6 (a) Front view and (b) Back view of signal processing unit 

 

The unit was connected to the PC with an IEEE 1394 standard cable. The two signal 

indicators are present in this unit; Sync with green light, blinks continually means 

the data from DSP was sent to the PC synchronously and Error with red light glow 

means there was some error occurred with the transmission of data between DSP 

and PC. The reset button was used to reset the current processing of DSP. When 
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pressing the reset button, all the LED’s will lit for 0.5s and then green go off for 0.5s 

and then all other LED’s go off for 0.5s and the green LED start to blinks again at 0.5 

Hz. 

The Cam unit contains three outputs with three indicators. The laser output 

provides necessary supply to the laser mount and the yellow colour indicator glows, 

when the probing laser was on. The probing laser can be switched ON using the key 

located in the front panel of the LDF signal processing unit.  

Record output was connected to a pedal consists of two switches. One switch was 

used to initiate the recording and other was used to increase the intensity of the 

probing laser beam. During the measurement of blood flow, normally the laser 

switch is kept off. The recording switch can be ON/OFF several times to record the 

data. When the recording switch was off, the display of the trace will be in red color 

and during the on time it will be in blue. Once the recording was completed the red 

color traces are disappeared from the display and the blue color traces are turned 

into green and only the data corresponding to this trace will retained and stored into 

the file specified by the user. The green indicator will glow steadily during the 

recording process. 

The third output of the Cam unit was connected to an Infrared earlobe. This can be 

attached to the ear or the fingers of the subjects to acquire the heart pulse. The data 

are processed by the software in phase with the heart pulse to display the systolic 

and diastolic effect of the pulse variation in flow parameters. The red indicator will 

blinks at the same rate of the heart pulse of the subjects. 

The Amp unit consists of two signal inputs and two power outputs. The two power 

outputs with supply voltage of ±15V/+5V. This supply was directly connected to the 

camera and the detector. The two signal inputs are, one is from the avalanche 

photodetector and other is from the loud speaker. The Doppler signal captured by 

the optical fiber was fed into the signal processing unit and also fed into the loud 

speaker allowed to hear the pulsating pitch of the Doppler sound by both the 

operator and the subjects. The loud speaker allows the operator to place the laser 
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probing beam and collection fiber in a place to get the maximum Doppler shifted 

signal. The amplifier having a square law device to squares the input signal 

components. The Doppler shifted signal contains sum of various frequency 

components including non-shifted components scattered by the static structural 

components of the ocular tissue. Some of the components are with positive shifts 

and the others are having negative shift depending on the movement of the red 

blood cells. The square law modulator squares the signal and the output contains 

only components with positive shifts and the signal was amplified and sends to the 

PC for processing with the help of software. The unit also contains two more 

standby power supply outputs with of supply voltage of ±15V/+5V. 

The front panel of the signal processing unit consists of three controls. One control 

was used to switch ON/OFF the probing laser beam. The gain control knob was 

used to increase the gain of amplifier. The volume control knob was used to change 

the volume of the speaker sound. 

The important parts of the LDF system was the personal computer (PC) loaded with 

LDF signal processing software.  The LDF software was written in Java and 

designed to perform LDF data acquisition, analysis, and presentation and storage 

tasks. This unit contains a digital signal processor (DSP) that digitizes and analyzes 

one or more channels of Doppler signal and sends the results to the PC through an 

RS-232 communications interface over serial cable. The DSP serial port needs the 

specifications of 115200 baud, 8 data-bits, 1 stop-bit and no priority.  When the LDF 

software was lunched, it resets the DSP and get ready to receive the data from the 

detector unit. 

The LDF software panel display was shown in Figure 3.7. The LDF software was 

designed based on Bonner and Nossal model for blood flow measurement. This 

software was able to acquire data simultaneously from two channels. The Mode, 

Rate and Band used to set the LDF measurement type. The rate of acquition was 

always set to 25 Hz and the Band was set to 24 KHz for ChBF measurements and      

6 KHz for optic nerve head measurements. The analog gain of the amplifier was 
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changed with the help of the software and used to adapt the dynamic range of DSP 

to the signal levels provided by LDF-4000 detector system. 

 

 

Figure 3.7 LDF software panel display 

 

The display panel contains five data signals display namely: velocity, volume, flow, 

DC and the heart rate or pulse rate. The velocity, volume and flow are LDF 

parameters calculated using the Bonner and Nossal model. DC is the average 

voltage of the Doppler signal, which is proportional to the sum of shifted and non-

shifted lights scattered by the moving red blood cells.  The Misc parameter group 

allows selection of the Pulse or Pulse Delay. The pulse signal follows the heart pulse 
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detected by the LDF-4000 system’s pulse sensor. The pulse delay is a derived 

parameter and indicates the time elapsed (in seconds) since the rising edge of the 

pulse signal. 

When LDF software was activated, it acquires the data continuously immediately 

after the Run button is pressed. The acquired data traced on the display panel in red 

color, when no pedal is pressed (Recording mode is off) and the trace in display 

panel is in blue color, when the pedal is pressed (Recording mode is on). When the 

stop button is pressed the blue color trace data points are turned into green color 

trace and the red color trace data’s are disappeared from the display making gaps in 

the display and only the green trace data’s are retained and used in future for the 

analysis.    

The data’s with high spikes are captured, when eye blinks or eye movement occurs 

and this data’s are undesirable for analysis. This data portion can be hidden using 

hidden/visible button. When the pulse signal was recorded along with the LDF 

data, the pulse-phase averaging can be performed. This is the reason that LDF 

parameters can vary as a function of the cardiac cycle. All the data points having 

same delay after the raising edge of the pulse signal are averaged and plotted as a 

function of time delay. Using the pulse signal average method a histogram can be 

constructed, by setting the lower and higher percentile value from the selected area 

of the data, when the data falls within the range displayed in blue and the data falls 

outside the range displayed in yellow. 

The data portions for analysis were selected using the shift + arrow. By pressing the 

result button on the window, it displays the result of the selected data over a cardiac 

cycle. The comment tab in the display window allows the user to write the 

comments regarding the measurement and act as a notepad. The record pulse 

averaging values button is pressed, it only displays the average values of the LDF 

parameters within the data range selected. 
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3.2 Effect of timolol on systemic parameters 

Timolol Maleate is a non-selective, beta-adrenergic receptor antagonist similar to 

propranolol and nadolol. Timolol Maleate is used in the management of glaucoma, 

hypertension, angina pectoris, and myocardial infarction. Timolol is a β-adrenergic 

agonist used in clinical ophthalmic practice to reduce the intraocular pressure (IOP) 

in the treatment of glaucoma. The main mechanism of action of timolol is to decrease 

aqueous humor flow resulting in lowering IOP. Although the clinical effects of 

timolol on IOP are well established, little is known about the potential effects on 

ChBF. The purpose of this study is to describe the effect of timolol on the ChBF in 

the subfoveal region of human eye fundus. 

The measurement of subfoveal choroidal blood flow is of great importance of 

knowing the normal visual function of human eye. Many researches on study of 

choroidal blood flow in the subjects with AMD showed the flow is much less 

compared to the normal eyes and that can cause severe visual impairment by 

disrupting normal macular function. The presence of abnormal choroidal blood flow 

induces ischemia and hypoxia, which triggers the development of angiogenesis and 

leads to the formation of choroidal neovascularisation (CNV). 

A stable temperature in the macula region is maintained by a high blood flow in 

choroidal blood vessels. The choroidal vascular structure modulates the temperature 

in macula region through active and passive mechanisms. The active mechanisms 

involve a reflexive increase in choroidal blood flow in response to light [87]. The 

choroidal blood vessels lies between the outer retina and sclera, provides much 

information about retinal blood flow in humans and other mammals. The 

sympathetic vasoconstrictor and parasympathetic vasodilator nerves in choroidal 

region determines the level of choroidal perfusion [88]. The subject with diabetics, 

diminished ocular blood flow is the main cause of the progressive diabetic 

retinopathy. Abnormalities in blood flow contribute poor blood circulation and 

increased blood viscosity in diabetic human eyes [89].   
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3.2.1 Participants 

Measurements were performed in 12 healthy volunteers (7 women and 5 men), 

ranging in age from 21 to 26 years with no history of systemic or intraocular disease 

was included in this study. Detailed explanations of all procedures were provided 

and informed consent was obtained from each subject prior to participation in the 

study. The protocol for the study was approved by the Medical Faculty Ethical 

Committee of the University of Bologna and conducted in accordance with the 

tenets of the Declaration of Helsinki. Subjects had no history of systemic or ocular 

disease, and results of their ocular examinations were normal. Intraocular pressure 

(IOP) at the beginning and end of the measurement was recorded using an Ocular 

Response Analyzer (Reichert Ophthalmic Instruments, USA) and was < 23 mmHg in 

all subjects. To perform accurate LDF measurements with fundus camera based 

system, adequate dilation of the patient’s pupil is necessary. One drop of 

1%Tropicamide was used to dilate the pupil of the subjects before instillation of the 

timolol or placebo in the eye in which the ChBF measurements were performed. The 

study protocol required abstinence from coffee, alcohol drinking and smoking, 

abstaining from a heavy meal, exercise, etc, all of which may affect the LDF 

measurements. None of the subjects was taking topical or systemic medication at the 

time of the study. 

3.2.2 Specific parameters used in LDF measurements 

The instrument used for the measurement of LDF was described in the previous 

section. For the measurements of ChBF, the LDF parameters of the Bonner and 

Nossal model [3] are derived from the Doppler shift power spectrum (DSPS) in real 

time using an algorithm operating on the PC [90]. This algorithm includes a fast 

Fourier transformation of the detector signal. The measured parameters are: (i) Vel: 

the mean speed of the RBCs in the sampling volume (proportional to the mean 

Doppler shift (Δf) derived from Doppler shift power spectrum) and (ii) Vol: the 

number of moving RBCs in sampled volume on the illuminating tissue by the laser 
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beam proportional to the area under the DSPS curve. These LDF parameters are 

determined using the following equations: 

The Doppler shift of the moving red blood cell is given by  

                                                                                                              (3.1) 

The velocity and volume of the red blood cell according to the Bonner and Nossal 

model with respect to the Doppler shift    is given by 

                                          
 Δ   Δ   Δ 
Δ     
    

   Δ   Δ 
Δ     
    

                                                                 (3.2) 

and                             
 

   
    Δ   Δ 

Δ     
     

                                                               (3.3) 

where Adc is the amplitude of the direct photocurrent (DC, non Doppler-shifted 

light). Doppler shifts below 30Hz are filtered out to avoid the low frequency 

artefacts due to slow motions of the tissue. Δfhigh is set at 20 kHz for ChBF 

measurements. The RBC flux in the sampled volume is calculated as ChBF= k × Vel × 

Vol, where the Vel is expressed in Hz, and Vol and ChBF is expressed in arbitrary 

units. k is a proportionality constant or sometimes called as the instrument constant 

[15].  

The LDF technique provides only the relative measurements due to laser radiation 

upon a tissue undergo scattering and absorption, both influencing the penetration 

pattern of the tissue. The penetration of the laser beam will differ from one region to 

another region depending on the optical properties of the tissue structure and 

composition.  
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3.2.3 Effect of timolol maleate on the artery blood 

pressure 

The previous study reports that the topical timolol maleate 0.5 % produces an 

average increase in retinal blood flow in normal eyes [91]. The increase in blood flow 

is produced by the increase in perfusion pressure. The artery blood pressure (BP) 

was not measured and was estimated as 

  

 
         

 

 
                                                                   (3.4) 

where BPsyst is systolic pressure and BPdiast  is diastolic pressure and IOP is 

intraocular pressure. The factor 2/3 represents the drop in systemic mean arterial 

pressure between the brachial artery pressure and the ophthalmic artery. The mean 

perfusion pressure PP, was calculated according to the relationship 

                                                                                                                        (3.5) 

We performed this study to find the effect of topical timolol maleate on the diastolic, 

systolic and mean artery blood pressure. Measurements were performed in 24 

normal healthy volunteers. After pupillary dilatation with one drop of 1% 

tropicamide, the intraocular pressure (IOP) was determined using ocular response 

analyser (Reichert Ophthalmic Instruments, USA). In sitting position, the heart rate 

and brachial systolic and diastolic blood pressures were measured by 

sphygmomanometry (Model: Contec 08A, China). In a double-masked randomized 

design, one eye of each subject received one drop of timolol maleate 0.5% 

ophthalmic solution, and the fellow eye received one drop of placebo. Two hours 

later, the experiment was repeated. Subjects were asked to refrain from eating or 

drinking during this time. Statistical evaluation of the data was performed using 

two-tailed paired student t-test and the findings with an error probability smaller 

than 0.05 were considered as statistically significant.   
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3.2.4 Results and Discussion 

Measurements of brachial artery blood pressure, heart rate and IOP are shown in 

Table 3.1.  

Table.3.1. Measurement of heart rate, mean brachial artery blood pressure (BP) and 

intraocular pressure (IOP) before and 120 min after application of the drop 

Subjects Heart rate BPm (mm Hg) IOP (mm Hg) 

Placebo Timolol 

Before After Before After Before After Before After 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 
 

82 

88 

60 

88 

80 

90 

70 

90 

92 

68 

88 

84 

78 

80 

52 

76 

66 

80 

72 

76 

90 

70 

78 

82 
 

72 

70 

56 

78 

72 

74 

58 

78 

79 

74 

72 

86 

62 

68 

62 

78 

58 

62 

60 

58 

72 

72 

82 

66 
 

103 100 

102 100 

95 100 

90 91 

90 92 

93 87 

90 90 

93 92 

92 88 

88 90 

102 98 

97 93 

90 90 

93 93 

98 95 

92 87 

87 90 

87 88 

92 87 

102 100 

88 82 

93 93 

100 103 

100 95 
 

100 

100 

100 

91 

92 

87 

90 

92 

88 

90 

98 

93 

90 

93 

95 

87 

90 

88 

87 

100 

82 

93 

103 

95 
 

21 

14 

15 

17 

19 

15 

14 

18 

18 

17 

15 

15 

21 

14 

17 

13 

18 

16 

13 

19 

19 

15 

16 

15 
 

19 

12 

13 

19 

18 

13 

11 

15 

17 

15 

14 

15 

20 

13 

16 

14 

14 

13 

11 

15 

16 

17 

17 

14 
 

22 

15 

16 

16 

17 

17 

15 

18 

14 

16 

16 

15 

23 

14 

17 

15 

17 

17 

15 

18 

21 

17 

15 

17 
 

18 

13 

14 

13 

18 

13 

12 

14 

15 

13 

13 

12 

20 

11 

14 

17 

14 

12 

13 

15 

16 

13 

12 

13 
 



Effect of timolol on subfoveal choroidal blood flow                                                       51 

 

 

 

Following the treatment, there was no significant change in diastolic (from 76.9 ± 6.2 

mm Hg to 77.8 ± 6.1 mm Hg), systolic (from 128.3 ± 8.6 mm Hg to 122.4 ± 10.4 mm 

Hg) pressures. However, the average heart rate decreased significantly from 78.3 ± 

10.3 to 69.5 ± 8.5 (paired t-test, p = <0.001) (Table 3.2). 

 

Table.3.2 Average mean values and standard deviation of heart rate, artery blood 

pressure, IOP, and perfusion pressure before and 120 min after application of the 

drops 

 Before After 120 min Significance * 

Heart rate(bpm) 78.3 ± 10.3 69.5 ± 8.5 P<=0.001# 

Artery blood pressure(mm Hg)  94.0 ± 5.2 92.7 ± 5.4 P>0.05 

Intraocular pressure  (mm Hg)    

 Timolol 16.8 ± 2.3 14.1 ± 2.2 P<=0.001# 

Placebo 16.4 ± 2.3 15.0 ± 2.5 P<=0.001# 

Perfusion pressure (mm Hg)    

 Timolol 46.2 ± 4.2 48.0 ± 4.5 P<=0.05# 

Placebo 46.6± 4.3 47.1 ± 4.2 P>0.05 

* Two tailed paired student-t test     # statistically significant change 

 

Intraocular pressure decreased significantly from an average of  16.8 ± 2.3 mm Hg  to 

14.1 ± 2.2 mm Hg (p<0.001) in the timolol-treated eyes, and from an average of  16.4 

± 2.3 mm Hg  to 15.1 ± 2.5 mm Hg (p<0.001) in the placebo-treated eyes. The average 

decrease in IOP was significantly higher in the timolol-treated eyes than in the 

fellow eyes. No significant changes in blood pressure (p=0.06) was observed. The 

ocular perfusion pressure changes significantly in the timolol-treated eyes (from 46.2 

± 4.2 mm Hg to 48.1 ± 4.5 mm Hg, p=0.01) compared to the placebo-treated eyes 
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(from 46.6 ± 4.3 mm Hg to 47.1 ± 4.2 mm Hg, p=0.39) were observed during the 

experiment.  

The analysis of these results predicts that there may be some probability of an effect 

of the drug on the placebo-treated eyes causes a significant decrease in IOP observed 

in these eyes. Topical timolol instilled in one eye produce a decrease in IOP in the 

fellow eye. This phenomenon has been described previously [92-94] and is probably 

due to an influence of the drug reaching the fellow eye through systemic circulation. 

In addition, timolol lowers the heart rate and systemic blood pressure [95] thus 

affecting the circulation of both the timolol and placebo-treated eyes.  The previous 

study on artery blood pressure using 2/3 of BPm, estimated the average increase in 

perfusion pressure of 13% in the timolol-treated eyes and 7% in the placebo-treated 

eyes [91], using the formula BPm- IOP, they estimated  the average increase in 

perfusion pressure in timolol treated eyes 15 % and 1 % in the placebo-treated eyes 

[96].  

The present study estimates that the average heart rate decreased by 11.2%, average 

artery blood pressure by 1.5%, the IOP in placebo-treated eyes by 8.3% and 16.1% in 

timolol-treated eyes. However, the ocular perfusion pressure estimated in the 

present study using 2/3 of BPm shows an increase of 4% in timolol-treated eyes and 

an increase of 1% in placebo-treated eyes and using the formula BPm- IOP, we 

estimated the average increase of 2% in the timolol-treated eyes and no changes in 

placebo-treated eyes. Our findings of a significant decrease in IOP both timolol-

treated eyes and placebo-treated eyes predict that the placebo-treated eyes most 

probably affected by the timolol delivered in the fellow eye.  

3.3 Effect of timolol maleate on choroidal blood flow 

(ChBF) 

The influence of timolol maleate, a beta-adrenergic blocking agent on the choroidal 

blood flow was investigated using fundus camera based laser Doppler flowmetry 

technique. The previous studies reports a significant average increase in retinal 
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blood flow on normal [91] and ocular hypertension subjects [97]. Two weeks of 

timolol maleate treatment on the retinal circulation of the normal volunteers was 

reported in [98]. Timolol is widely used to lowers the intraocular pressure in the 

management of glaucoma patients [99, 100]. The lowering in IOP has potential to 

cause vasoconstriction in retinal circulation and increase in vascular resistance with 

a less than optimal effect in blood flow [101]. Many researches are carried out on 

rabbit’s retina about the influence of timolol on the choroidal circulation. The direct 

intervention of the blood vessels in human retina is more difficult [102].  

3.3.1 Experimental Design  

Design of the ChBF measurement was based on the double-masked randomized 

protocol proposed by Grunwald [97]. The systolic, diastolic, mean arterial blood 

pressures and IOP of the subjects were determined prior to the ChBF measurements. 

These measurements were repeated after 2 hrs. Two 50s duration measurements of 

LDF (Velocity, Volume, and ChBF) were performed on the both eyes of the subjects 

within 5 min. Both eyes of the subjects were fully dilated with one drop of 1% 

Tropicamide. The baseline measurements were performed 20 min after the 

application of the dilation drop. During the baseline measurement, a drop of timolol 

maleate 0.5% in one eye and a drop of placebo in the fellow eye were administered 

in a masked fashion according to the protocols of Grunwald, [95, 96] and Robinson 

[103]. Examiner was masked with regard to the eyes that had received timolol and 

placebo. Subfoveal ChBF in the choroicappillaris behind the fovea was measured for 

at-least 50s by LDF in both eyes at baseline. The LDF parameters were recorded 2 or 

3 times on each eye with a rest period of 2 min between each recording. The same 

procedure was repeated every half hour during a 2-hour period following the 

instillation of the drop. The DC signal was kept as constant as possible between 

recordings and sessions for each eye. The measurements were repeated after a 2-

week washout period by administering placebo in the eye previously treated with 

timolol and timolol in the eye previously treated with placebo. The data were 
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analyzed statistically using paired student-t test (two-tailed) and the findings with 

an error probability smaller than 0.05 were considered to be statistically significant. 

3.3.2   Results and Discussion 

The mean and standard deviation values of Velocity, Volume and ChBF before and 2 

hours after the instillation of the placebo and timolol drops are presented in Table 

3.3. The percentage changes from the baseline values are summarized in Table 3.4.  

Table.3.3 The mean and standard deviation values of Velocity, Volume, ChBF in 24 

eyes during 120 min of measurement in timolol and placebo-treated eyes 

 Baseline After 30 

min 

After 60 

min 

After 90 

min 

After 120 

min 

Timolol-treated eyes      

Velocity (Hz) 1.437±0.19 1.521±0.18  1.603±0.22   1.657±0.30 1.676±0.32 

Volume (a.u)  0.060±0.02 0.068±0.02 0.078±0.02 0.088±0.17 0.078±0.02 

ChBF (a.u) 0.086±0.03 0.101±0.04 0.112±0.04 0.132±0.14 0.123±0.05 

Placebo-treated eyes     

Velocity (Hz) 1.351±0.19 1.392±0.15  1.375±0.16   1.365±0.17 1.363±0.22 

Volume (a.u)  0.060±0.02 0.070±0.03 0.080±0.03 0.084±0.03 0.081±0.03 

ChBF (a.u) 0.085±0.04 0.097±0.03 0.104±0.04 0.113±0.04 0.115±0.04 

 

Table.3.4 Percentage changes in Velocity, Volume and ChBF with respect to baseline 
values  

 After 30 min After 60 min After 90 min After 120 min 

Timolol-treated eyes     

Velocity (Hz) 5.8% 12% 15% 16% 

Volume (a.u)  13% 30% 47% 31% 

ChBF (a.u) 17% 31% 54% 43% 

Placebo-treated eyes     

Velocity (Hz) 3.1% 1.8% 1.1% 0.8% 

Volume (a.u)  16 % 32% 39% 34% 

ChBF (a.u) 13% 22% 33% 35% 
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Following the application of drops, the average percentage differences from baseline 

in velocity (p=0.081) is not statistically significant in placebo-treated eyes, however 

both the volume (p<=0.001) and ChBF (p<=0.001) shows statistical significant 

differences from the baseline values. The average percentage differences from 

baseline in velocity (p<=0.001), volume (p<=0.001), and ChBF (p<=0.001) are 

statistically significant in timolol treated-eyes.  However the percentage changes in 

ChBF in the timolol-treated eyes are more compared to the placebo-treated eyes.  

The results of this study show a significant average increase in ChBF following the 

instillation of timolol. This increase in ChBF was produced mainly by an average 

increase in velocity and volume of the red blood cells. The changes in intraocular 

pressure and ocular perfusion pressure also responsible for the changes in ChBF. 
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Figure 3.8 Percentage change in ChBF against percentage change in mean artery 
blood pressure in timolol and placebo-treated eyes 

These results of this prospective study show that during the 120 min following their 

topical instillation, the LDF parameters are not statistically significantly different 

between timolol and placebo-treated eyes. However, a significant average increases 

in ChBF following the instillation of timolol or placebo was observed. No significant 

correlations were obtained between the changes in artery blood pressure and ChBF 

(Figure 3.8), between the percentage changes in ocular perfusion pressure and ChBF 

(Figure 3.9), and between the percentage changes in IOP and ChBF (Figure 3.10).  

Previous studies [97, 98] showed much weaker effects of timolol on ocular 

hemodynamics. Therefore our experimental observation requires a deeper 

investigation, taking also into account that we observed a similar behaviour for the 

timolol and placebo-treated eyes. However, the placebo-treated eyes were most 

probably affected by the timolol delivered in the fellow eye. The concentrations of 

the drug reaching systemically the choroid of the fellow eye of the eye that received 

timolol [103] were probably much lower than those achieved in the instilled eye. 

Placebo 
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Figure 3.9 Percentage change in ChBF against percentage change in mean ocular 

perfusion pressure in timolol and placebo-treated eyes 
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Figure 3.10 Percentage change in ChBF against percentage change in intraocular 
pressure in timolol and placebo-treated eyes 
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Our experimental results showed statistically significant decrease in IOP in both 

timolol-treated and placebo-treated eyes [104]. Due to systemic effect of the timolol 

drop given in the fellow eye, which may produces a change in ocular perfusion 

pressure [95] concurrently produces the changes in IOP and artery blood pressure. 

Our result confirms that the systemic effect of the drug, resulting in decrease in 

blood pressure or heart rate [95]. Another significant difference between the current 

study and that of Richard and Webber [105] is the timing of the measurements. 

Richard and Webber obtained the measurements IOP 30 min after the installation of 

the drug, whereas we obtained measurements IOP at 120 min after the application of 

the drop. The full effect of timolol on IOP and perfusion pressure may be reached at 

this time and also fellow eye also affected by the drug through systemic circulation. 

Although only a speculation at this time, we would like to present possible 

mechanisms that could explain our results. First, we would like to stress that, as the 

LDF measurements do not provide absolute blood flow measurements, because of 

uncertainty in knowing the sampling volume, this volume could itself be somewhat 

influenced by the drug. There is no significant correlation between the changes in 

flow with respect to change in IOP. The average change in blood flow is mainly 

contributed by the change in blood velocity and blood volume of the tissue and also 

depends on the Doppler shift power spectrum. However the spectrum is not only 

depend on the velocity of the red blood cells but also depends on the scattering 

properties of the tissue [106]. The optical properties of the tissue depend on the 

depth and penetration of the laser beam and cause some uncertainly in the sampling 

volume. The variability of the changes in the Doppler data may be due to the 

variability in the pupil diameter. Also apparent changes in ChBF due to pupil 

aperture variations are possible [107]. In conclusion, this study shows that, one drop 

of timolol 0.5% or one drop of placebo produce similar effects on ChBF. 
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Effect of tropicamide on scattering 

geometry  

 

 

 

 

The study of hemodynamics in ocular fundus is of scientific as well as clinical 

interest. The application of laser Doppler techniques for the investigation of blood 

flow in the posterior segment of the human eye provided much information on the 

physiology of ocular blood flow in the retinal, optic nerve and choroidal regions. 

The importance these measurements are used to gaining the physiology of deeper 

vascular beds under the control of local and central nervous system. The evaluation 

of the effect of treatment on the disturbed flows also represents an important area of 

application of laser Doppler flowmetry (LDF). LDF is a non-invasive technique, 

which allows the relative measurement of mean average velocity, volume and the 

flux of moving red blood cells (RBCs) in the blood vessels and capillaries of the 

human eye [108]. Laser radiation upon a tissue undergoes scattering and absorption. 

Both processes influence the penetration pattern of the laser light. Penetration may 

vary from one region of a tissue to another, depending on the optical properties of 

the ocular tissue [6]. The spatial or temporal variations in tissue structure will affect 

the LDF measurements. Direct comparisons of LDF values from different tissues are 

not valid, because of variations in optical properties of tissue structure and 
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composition. The LDF parameters are expressed in relative units, the potential of 

LDF is realized mainly in the assessment of the responses of these parameters to 

changes in blood flow induced by physiological stimuli or by pathologies that do not 

alter the optical properties of the tissue. The property of the LDF parameters to 

provide changes of flow that are proportional to the real changes of tissue blood 

flow makes this technique particularly suitable for investigating the regulation of 

Fonh (optic nerve head blood flow) and Fch (choroidal blood flow) in response to 

various physiological stimuli. However the changes in blood flow depends on the 

size of the pupil and the direction of the incident and scattering beams, and the 

scattering properties of the tissue. The small pupil having precise scattering 

geometry and leads to smaller Doppler shifts. In this study, we report effect of pupil 

dilatation with one drop of 1% tropicamide on LDF parameters and the scattering 

geometry of the ocular tissue in the choroidal region of human fundus. 

4.1 Materials and Methods 

Subjects 

The measurements were performed in 18 healthy volunteers (6 males and 12 

females) ranging in age from 20 to 25 years [mean 22.4 ± 1.6 standard deviation 

(SD)]. The study protocol was approved by the Ethics Committee of University of 

Bologna and followed the guidelines of the Declaration of Helsinki. Informed 

consent was obtained from all subjects after the nature of the study was explained. 

Each participant passed a screening examination including medical history and 

physical examination. The fundus examinations in all subjects were normal. In all 

subjects measurements were performed in one eye during pupil dilatation with one 

drop of 1% tropicamide. In 12 subjects, the measurements were performed with a 4 

mm artificial pupil was placed directly 4mm (± 1 mm SD) in front of the eye (Figure 

4.1). The study protocol required, abstinence from coffee, alcohol drinking and 

smoking during the day of examination. 
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Experimental design 

LDF measurements were performed with the subjects seated in front of the camera 

before and after application of one drop of 1% tropicamide in one eye selected in 

random. All the LDF parameters were recorded in every 3 min upto 30 min after 

application of the drop and they last approximately 1 min duration. Video recording 

of the pupil size for 1 min was obtained using a digital video camera (Nikon Coolpix 

P300, Tokyo, Japan) for every 3 upto 30 min. The LDF parameters were recorded in 

two sets and in one set by placing a 4 mm artificial directly in front of eye and in the 

other set without any pupil.  

The software for determining these LDF parameters allows rejection of the blinks or 

other spurious signals due to eye motion, which cause gaps in the continuous 

display of the data. Furthermore, LDF data corresponding to DC-values differing 

arbitrarily by more than 15% from the mean value were also excluded. Before every 

recording of a 30 min series, the LDF instrument was realigned with the subject’s 

eye. Special attention was given to start the recording with a DC value close to that 

of the first recording of the series. 

Methods  

Sub-foveal choroidal blood flow was measured by LDF (Model 4000, Oculix). The 

detailed description of the instrument was presented in the previous chapter. The 

tissue was illuminated by coherent laser light (λ = 670 nm, 40 µW at the cornea). The 

laser power delivered by the instrument was measured using PC-controlled optical 

power meter (SH-TO-USB, Ophir Optronics, Israel) equipped with an optical head 

(PD300-IR-SH, Ophir Optronics, Israel). The laser intensity provided by the LDF 

instrument was kept constant below 40 µw throughout the measurement to compare 

the LDF parameters obtained over a period of time. The intensity of the room light 

was kept at normal condition (28 ± 2 lx) during the study and measured using a light 

meter (Delta Ohm HD9221, Italy). The variability in the assessment of LDF 
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parameters limits their use in clinical practice. For choroidal blood flow (ChBF) 

measurement the subjects were asked to look directly at the probing beam. The 

diameter of the illuminated spot at the fundus is about 150 µm [6]. The scattered 

light is collected by an optical fibre with the image of its aperture focused onto the 

illuminated site (also approximately 150 µm in diameter). This fibre guides the 

scattered light to a photodetector. The fundus is illuminated in red-free light (30˚ 

angle) for observation and positioning of the laser beam. The moving red blood cells 

(RBC) induce some scattering leads to frequency shift. Most of the light emerging 

from the tissue can be scattered by the static structural components of the tissue is 

acts as a reference signal [109]. The light diffusion in ocular tissue leads to 

broadening of Doppler shift power spectrum (DSPS) of scattering light. From this 

spectrum, the average velocity and volume of the red blood cells (RBCs) within the 

scattering volume of the illuminated tissue is calculated in relative units. The 

product of velocity and volume is the flow and is proportional to flux of RBCs [5]. 

The picture of the measuring system was shown in Figure 4.1. 
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Figure 4.1 Picture of the experimental setup. (A) Picture of the measuring instrument 

(B) Optical scheme of modified fundus camera based laser Doppler flowmetry 

Data analysis 

Data are presented as mean ± standard deviation (SD). Treatment effects on LDF 

parameters were expressed as percentage change from baseline. The P-value was 

calculated from the two-tailed paired t-test analysis. P-value less than 0.05 were 

considered the level of significance. In addition, the coefficient of variation (CV) was 

calculated for each eleven consecutive measurements. Sample size calculations for 

clinical studies are obtained based on CV.  These sample-size calculations are based 

on a double- -error of 0.05 and a β-error of 0.20. 

4.2 Experimental results 

All the measurements were performed under resting conditions. Accordingly, the 

variability of measurements in the present study is more likely to arise from method 
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related statistical errors. Care was taken to minimize this variability by using only 

individuals who had been included in studies with these techniques previously. The 

performances of clinical trials are experimented with a feasible number of study 

participants.  

The pupil diameter was captured in every 3 min upto 30 min along with LDF 

measurements for duration of 1 min using a digital video camera. The video images 

are converted into still images using AVI to image converter software. The best still 

image among the sequence was superimposed on a ruler image before calculating of 

pupil diameter. The pupil diameter variation with time was estimated using a ruler 

with precision ± 0.5 mm (Figure 4.2). The mean pupil diameter of all subjects 

increases from 3.29 ± 0.44 (mean ± standard deviation (SD)) to 8.25 ± 0.44 (p<0.001, 

paired t-test; Figure. 4.3) after the application of one drop of 1% tropicamide. The 

percentage increase in pupil diameter is about 152% compared to the baseline value. 

The pupil dilatation was completed in all subjects, 20 min after the application of the 

one drop of 1% tropicamide.  

 

  
(a) (b) 

 
Figure 4.2 Pupil diameter variations with tropicamide (a) un-dilated pupil and           

(b) fully dilated pupil 
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Figure 4.3 Pupil diameter variations with time after application tropicamide drop. 

Error bars represent ± 1 SD 

The mean average changes in LDF parameters before and 30 min after the 

application of tropicamide with 4mm artificial pupil was presented in Table 4.1 and 

without artificial pupil was presented in Table 4.2. All CVs (coefficient of variation) 

of LDF flow parameters with 4 mm artificial pupil were between 3.2% and 9.6% and 

without artificial pupil were between 5.3% and 19.2%. Variability of Volume was 

higher than that of Velocity and it was mostly responsible for the variability in 

ChBF.  The maximum changes (MD) from the baseline in individuals are shown in 

Table 4.1 and Table 4.2. The minimum sample size required to detect the significant 

changes in the variation in LDF parameters with 95% confidence level are 12.  
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Table.4.1 Velocity, Volume and Flow before and 30 min after application of one drop 

of 1% tropicamide with 4 mm artificial pupil. Coefficient of variation (CV) and 

maximum deviation from baseline value in a single individual (MD) of the LDF 

parameters as calculated from the 11 measurements. Data are presented as mean 

(over all 12 subjects) ± standard deviation      

 Before After 30 

min 

CV MD R 

Value 

Significance# 

Velocity(Hz) 1.166±0.27 1.163±0.28 3.2±2.0% 8.6% 0.18 P=0.59 

Volume a.u) 0.235±0.18 0.235±0.18 9.6±4.7% 16.5% 0.37 P=0.26 

Flow (a.u)  0.241±0.17 0.243±0.16 7.3±3.7% 21.8% 0.23 P=0.49 

DC (V) 0.307±0.12 0.327±0.13 4.8±2.0% 9.3% 0.51 P=0.11 

# Two tailed parried student t-test  

 

Table.4.2 Velocity, Volume and Flow before and 30 min after application of one drop 

of 1% tropicamide without artificial pupil. Coefficient of variation (CV) and 

maximum deviation from baseline value in a single individual (MD) of the LDF 

parameters as calculated from the 11 measurements. Data are presented as mean 

(over all 12 subjects) ± standard deviation 

 Before After 30 

min 

CV MD R 

Value 

Significance# 

Velocity(Hz) 1.569±0.39 1.727±0.39 5.3±3.0% 12.2% 0.79 P=0.01* 

Volume a.u) 0.481±0.38 0.544±0.38 19.2±11.4% 37.6% 0.72 P<0.02* 

Flow (a.u)  0.897±0.97 1.012±1.05 18.3±10.1% 36.2% 0.81 P<0.01* 

DC (V) 0.360±0.19 0.397±0.14 17.3±9.5% 21.5% 0.43 P=0.19 

# Two tailed parried student t-test          * Significant change 

 



Effect of tropicamide on scattering geometry                                                                  69 

 

 

Experiment 1. Does Tropicamide affect subfoveal choroidal blood flow? 

In order to determine whether Tropicamide has an effect on the LDF parameters, 

independently from the pupil dilatation, measurements were performed through a 

4-mm artificial pupil placed just in front of the eye. This diameter was the smallest 

allowed by the measuring scheme of the Topcon based LDF device in which the 

laser beam is delivered along the fundus illumination system of the camera and 

separated from the detected scattered light, in conformity with the Gullstrand 

principle for reflection free fundus imaging. 

In a darkened room, the LDF parameters were recorded during approximately 1 

min, every 3 min for up to 30 min following the application of a drop of Tropicamide 

1% at time 0 sec. The eye measured was selected randomly. LDF recordings were 

obtained from 12 subjects (4 males and 8 females). Figure 4.4 shows plot of the mean 

values of these parameters as a function of time. Velocity, Volume and ChBF 

demonstrated a non significant change of 0.7% (p>0.05), 2.8% (p>0.05), and 1.1% 

(p>0.05) respectively during the 30 min of pupil dilatation. These increases did not 

correlate significantly with the percentage increase of the DC (4.3%, p>0.05). 
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Figure 4.4 Percentage change in LDF parameters as function of time with 4 mm 

artificial pupil 

 

Experiment 2. Does the size of the pupil influence the measurement of subfoveal 

choroidal blood flow? 

In a second series of measurements in 12 subjects (3 males and 9 females), among 

them were 6 who had participated in the first experiment and 6 new subjects, similar 

measurements were performed without artificial pupil. 

Figure 4.5 shows plot of the mean values of these parameters as a function of time. 

All LDF demonstrate a significant increase of 9.0% (p=0.01) for Velocity, 15% 

(p<0.02) for Volume, 17% (p<0.01) for ChBF. None of the changes in the LDF 

parameters correlated with the changes in DC (6.7%, p>0.05).  
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Figure 4.5 Percentage change in LDF parameters as function of time without 

artificial pupil 
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All the LDF parameters (Velocity, Volume and ChBF) in the subgroup of 6 subjects 

participated in both experiments were  demonstrated a non significant change of 

0.8% (p>0.05),  6.7% (p>0.05), and 7.2% (p>0.05) respectively during the 30 min of 

pupil dilatation with 4 mm artificial pupil placed directly in front of the cornea. 

These increases did not correlate significantly with the percentage increase of the DC 

(4.7%, p>0.05). However, statistically significant increases of 8.2% (p<0.01) for 

Velocity, and 21% (p<0.05) for ChBF were observed in the measurement performed 

without the 4mm artificial pupil. None of the changes in the LDF parameters 

correlated with the changes in DC (7.2%, p>0.05). 

Figure 4.6 shows plot of the mean values of percentage change in LDF parameters as 

a function of mean values of percentage change in pupil diameter with a 4 mm 

artificial pupil directly placed in front of the eye.  All the LDF demonstrated a non 

significant change of 2.4% (p>0.05) for Velocity, 3.1% (p>0.05) for Volume, 1.3% 

(p>0.05) for ChBF, and 5.1% (p>0.05) for DC. These increases did not correlate 

significantly with the increases of pupil diameter. 
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Figure 4.6 Percentage change in LDF parameters as function of percentage change in 

pupil diameter with 4 mm artificial pupil 

Figure 4.7 shows plot of the mean values of percentage change in LDF parameters as 

a function of mean values of percentage change in pupil diameter without 4 mm 

artificial pupil in front of the eye.  All the LDF demonstrate a significant increase of 

5.4% (p<0.05) for Velocity, 9.0% (p =0.03) for Volume and 10% (p<0.01) for ChBF. 

None of the changes in LDF parameters correlated with the changes in DC (3.3%, 

p>0.05). These increases in LDF flow parameters shows significant correlation with 

the increases of pupil diameter. 
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Figure 4.7 Percentage change in LDF parameters as function of percentage change in 

pupil diameter without artificial pupil 
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4.3 Discussion 

In the present study, we investigated the variation in LDF parameters in choroidal 

region of human fundus with and without 4mm artificial pupil placed directly in 

front of the human eye. One experienced operator performed each measurement 

during the study to avoid the variation in inter-observer differences. The variability 

in LDF parameters are analysed by employing required number of participants in 

this study. The pervious study on the effect of two drops of 1% tropicamide on 

ocular blood flow in the rabbits shows no significant difference in blood flow [110]. 

Similar studies on macular blood flow [111] using blue field simulation technique, 

and optical nerve head circulation using scanning laser Doppler flowmeter [112] 

were found no significant changes blood flow. The LDF provides only relative 

measurements of flow parameters [15]. The flow parameters depend upon the 

scattering and absorption of the tissues, when the tissue is illuminated by a 

coherent- laser the moving red blood cells scattered the light in all direction leads to 

Doppler shifts with different frequencies. The frequency shift is not only depending 

on the velocity of the red blood cells and also depends on the incident and scattering 

angles of the laser beam on the tissue surface [105]. The average velocity, volume 

and flow of the red blood cells are determined based on a theory of light scattering 

in tissue in relative units [113]. The increases in pupil diameter during both 

experimental activities are very similar. The artificial pupil placed in front of the eye 

to keep the scattering geometry as same for the entire duration of the measurement. 

In conclusion, the present study, we investigated the variation in LDF parameters 

from the subfoveal choroidal region of human fundus with and without a 4 mm 

artificial pupil placed directly in front of the human eye. The use of an artificial pupil 

resulted in Velocity, Volume and ChBF data which were not affected by the pupil 

dilatation process. This was not the case when there was no artificial pupil in front of 

the cornea. Most probably, changes in pupil diameter in this case resulted in larger 

scattering angles for the beam emerging out of the pupil and also bigger variations 
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of the location of the incident beam at the pupil. Both presumably affect the LDF 

values and their variability. Our result show that, as found for the retinal [6] and 

central retinal artery [114],  tropicamide and the resulting pupil dilatation do not 

affect significantly the subfoveal choroidal LDF parameters. We suggest that when 

measuring the effect of various pharmacological agents on ChBF by LDF, the 

introduction of an artificial pupil may be recommended [115] in order to decrease 

the variability of the data and, as a consequence, the sensitivity of the LDF technique 

to detect changes in ChBF. 
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Ocular fundus reflectometry 

 

 

 

 

 

The fundus reflectometry is a technique to estimate the intensity of the optical light 

backscattered from the back of the eye. This technique is based on the properties of 

absorption and scattering of the tissues of interest. The study of reflectance at 

wavelengths in near infrared (NIR: 700-1000 nm) have considerable effect on 

neurovascular coupling (NC) at the optic nerve or the physiological mechanism that 

controls the blood perfusion in microcirculation [116] of the optic nerve support the 

neural activity evoked by the stimulus on human fundus [117]. Recently, changes in 

reflectance in the papillary region of the fundus under visual stimulation in humans 

have been detected [118] and the same was studied in monkeys in flash [119]. The 
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aim of the study was to detect the changes in the fundus reflectance in near infrared 

under visual stimulation to understand the correlation between neural activity and 

physiological changes induced by the light [120]. The tissues to be investigated are 

illuminated by a non-harmful low power optical source. This technique has an 

advantage of study the mechanisms of changes in the activity of central nervous 

system. Ocular fundus reflectometry was useful for the study of pathogenesis and 

early diagnosis of eye diseases, such as glaucoma and diabetic neuropathy [67]. 

5.1 Basic Principle 

 An optical beam at wavelength λ with intensity Ii(λ) was focused on the tissue at 

back of the eye and backscattered by the tissue itself was collected by the measuring 

system. The intensity of the light backscattered from eye was Ib(λ). The general 

equation of reflectance R(λ) was defined as  

                                                                     
     

     
                                                   (5.1) 

The cross sectional view of the human eye fundus was shown in Figure 5.1. The 

photoreceptors are specialized type of neuron found in eye retina able to convert the 

light into signals that can stimulate biological process. The photosensitive ganglion 

cells of the retina involved in various reflexive responses of the brain and body to 

the presence of light, such as the regulation of circadian rhythms, pupillary 

reflex and other non-visual responses to light, is called melanopsin. When light 

activates the melanopsin signalling system, the melanopsin containing ganglion cells 

discharge nerve impulses that are conducted through their axons to specific brain 

targets.  

 

http://en.wikipedia.org/wiki/Circadian_rhythm
http://en.wikipedia.org/wiki/Pupillary_reflex
http://en.wikipedia.org/wiki/Pupillary_reflex
http://en.wikipedia.org/wiki/Melanopsin
http://en.wikipedia.org/wiki/Nerve_impulse
http://en.wikipedia.org/wiki/Axon
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Figure 5.1 Cross section of optic nerve 

 

Figure 5.2 Block diagram of fundus camera based reflectometry 
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5.2 Description of the Instrument 

The newly developed system is based on a modified commercial fundus camera 

(TRC-WT, Topcon, Japan) [121]. The block diagram of the modified fundus camera 

based reflectometry was shown in Figure 5.2. 

The optical layout modified fundus camera was shown in Figure 5.3. The standard 

fundus illumination lamp was removed and replaced by a NIR LED L1 (LED770-

03AU, Roithner Lasertechnik, Austria). A LED L2 with Green, Blue and Yellowish 

green was introduced in the camera for flicker stimulation. The arrangement of the 

LED L2 was shown in Figure 5.9. The light from the LED L2 was diffused by a 

diffuser D and made to follow the same optical path as that of the Near Infrared 

beam emitted by L1. The light reflected by the fundus was focused onto two CCD 

video cameras VC (LDH0702/50, Philips, Holland and KPC-E20B11, KT&C, South 

Korea). A filter F was placed in front of VC. It transmitted only the NIR light to VC. 

 

Figure 5.3 Optical layout of the modified fundus camera 

VC 

F 

D 
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Figure 5.4 Picture of the modified fundus camera 

The LEDs L1 and L2 are controlled by a personal computer through USB port as 

shown in Figure 5.5. The LEDs are controlled by a software developed using Visual 

Basic. The LEDs L1 and L2 are driven by the adjustable current sources. The currents 

I1 and I2 are proportional to the voltages V1 and V2 provided by a digital to analog 

converter (DAC). The optical power of NIR LED can be adjusted by varying the 

currents between 0 to 100mA. The variable current to L1 varies the brightness of the 

image acquired by the CCD camera VC.   

The flicker effect can be varied with the help of LED L2 in the range between 0 to 

100mA. The driver allows adjusting the duty cycle between 0 to 100%, modulation 

frequency from 1 to 20 Hz and modulation depth between 0 to 100%. These 

calibration values are stored in a non volatile memory M.  
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Figure.5.5. Block diagram of LED driving circuit 

 

5.3 Characterization of LED sources 

The brightness of the NIR LED controlled through a voltage controlled current 

source. The reflectance measurement depends on the wavelength and emission 

spectrum of the light source. The emission spectrum of the LED measured using a 

photonic multichannel analyzer (C5966, Hamamatsu Photonic K.K., Japan). The 

current supplied to the diode is adjusted digitally in steps upto 256 by a software 

control. The digital code generated by the microcontroller is converted into analog 

using a D/A converters. The analog output of the D/A converter is equal to the 

voltage across the diode. The current through the diode was controlled using a 

voltage to current source. The actual power emitted by the LED was determined 

using a linearity test by varying the current injected into the LED. Optical power 

measurements were taken at the reflectometer’s output on the plane of the target 
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cornea using a PC-controlled optical power meter (SH-TO-USB, Ophir Optronics, 

Israel) equipped with an optical head (PD300-UV-SH, Optronics, Israel). The 

calibration characteristic of the near infrared LED was shown in Figure 5.7. The 

linear regression coefficient of the calibration curve is R=1. 

 

 

Figure 5.6 Picture of control unit 

 
Figure 5.7 Calibration characteristics of NIR LED 
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The colour of the incident light changes the psychological and physiological 

response of the human eye. The rods on the retina are sensitive to the intensity of the 

light; they cannot differentiate between lights of different wavelengths. On the other 

hand, the cones contain colour sensitive cells. When light of a given wavelength 

enters the eye and strikes the cones of the retina, a chemical reaction is activated that 

results in an electrical impulse being sent along nerves to the brain. 

 

 

Figure 5.8 Cone sensitivity curve 

There are three types of cones are present in human eye responsive to three different 

wavelengths of light. The cone response of the human eye for the different colour 

lights are shown in Figure 5.8.  

Since the red cone is sensitive to a range of wavelengths, it is not only activated by 

wavelengths of red light, but also by wavelengths of orange light, yellow light and 

even green light. In the same manner, the green cone is most sensitive to 

wavelengths of light associated with the color green. The green cone can also be 

activated by wavelengths of light associated with the colors yellow and blue. The 

flicker stimulation LEDs are selected based on the peak wavelength of the cone 

response as mentioned in the cone sensitivity curve. 
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Figure 5.9 Flicker stimulation LEDs arrangement 

 

Green LED (HLMP-CM34-X1000, Avago Technologies, USA) with peak wavelength 

523 nm, Blue LED (L-53MBC, Kingbright, Taiwan) with peak wavelength 430 nm 

and Red LED (YPY3863X, Stanley, Japan) with peak wavelength 572 nm are 

arranged in a pattern shown in Figure 5.9. The flicker stimulation LEDs are 

calibrated similar to NIR LED by varying the current injected into the LED. The 

calibration curves of the flicker stimulation LEDs are shown in Figure 5.10. 
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(c) 

Figure 5.10 Calibration curves of flicker stimulation LEDs. (a) Green (b) Blue and      

(c) Red 

 

 

Figure 5.11 Calibration curve of flicker LED  
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The linear regression coefficients of the variation of optical power with the variation 

in injected current for all three LEDs are at 0.9. We are interested to study the 

response of the reflectance changes induced by visual stimulations of three different 

wavelengths at same intensity on human fundus. The LEDs arranged are as shown 

in Figure 5.9 to make the optical intensity impinging light on the human eye for all 

three wavelengths are equal. The optical intensity of the light sources is measured 

using a light meter (Delta Ohm HD9221, Italy). The calibration curve of light 

intensity with injected current is shown in Figure 5.11. 

The stability of the optical sources are characterised using the optical power meter 

(SH-TO-USB, Ophir Optronics, Israel) equipped with an optical head (PD300-UV-

SH, Optronics, Israel). The optical power emitted was measured separately for all 

LED continuously for 2 hours after a warm up period of 30 min.  The NIR LED was 

set at an optical power output of 600 µw with an equivalent current of 59.82 mA 

measured using a high resolution digital multimeter (34401A, Hewlett-Packard, 

USA). The flicker Green LED was set at 1.7 µw, Blue at 1.2 µw and Red at 1 µw and 

the optical power emitted by the LEDs are measured over a period of 2 hours.  The 

time courses of the stability of the optical output of all LEDs are shown in Figure 

5.12. 
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(d) 

Figure 5.12 Time course of emitted optical power. (a) Green (b) Blue (c) Red and      

(d) Near Infrared 

LED control software 

The LED used for illuminating the fundus and the LEDs used for flicker the 

stimulation was controlled with software developed in Visual Basic. The block 

diagram of LED driving circuit is shown in Figure 5.5. Programmable 

microcontroller (PIC18F452, Microchip, USA) was used for timing and power 

control of the LEDs controlled by a personal computer. The circuit has been 

developed based on the specifications required by an ophthalmic reflectometer. The 

system was able to drive two LEDs with independent channels. The intensity of the 

optical power emitted by one of two LEDs modulated with square wave with 

frequency from 1 to 20 Hz, duty cycle and modulation depth between 0% and 100% 

and a variable current between 0 mA and 120 mA. The circuit was connected to the 

personal computer by a USB 2.0. The simplified layout of LED control unit was 

shown in Figure. 5.13. 
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Figure 5.13 Board of the LED driving circuit  

 

 

Figure 5.14 Panel for setting the device parameters  
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Circuit description 

The circuit is designed for biomedical applications, in particular for ophthalmology. 

In order to achieve high reliability, D/A converters are used to generate current for 

LED driver using reference voltages. The circuit is composed of a microcontroller 

with USB interface generates reference voltages for the entire circuit. A personal 

computer with USB interface is able to set the calibration parameters and operation 

of the circuit. The software interface of LED driving circuit and the personal 

computer is shown in Figure. 5.14. 

Current Generators 

As mentioned previously, the circuit is able to generate two independent currents in 

the range [0 mA, 120 mA]. In addition, one of two currents is modulated with a 

square wave and the frequency is set by the user through software. The basic circuit 

used for the current source is shown in Figure 5.15. 

 

Figure 5.15 Basic current generator circuit 

 

The constant current generator circuit uses an operational amplifier with an N-MOS 

transistor and the generated drain current is given by the equation 5.2.  

                                       
  

  
                                                                                       (5.2) 

The current gain of the BJT depends on the temperature and the performance of 

BJT’s affected at high operating temperatures. However, the N-MOS having better 

temperature stability compared to BJT [122]. Infinite open loop gain of the 
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operational amplifier the voltage at Vx is equal to the sum of voltage at point S. The 

voltage across the resistor R3 is expressed as  

                                                
  

     
    

  

     
                                           (5.3) 

VOS is the overall offset voltage of the circuit, which includes the offset voltage of the 

D/A converter and the operational amplifier and to set the null current at the output 

of the N-MOS drain when the applied voltage VDAC is 0V.  

                                        
  

  
 

 

  

      
  

     

    
  

     

                               (5.4) 

 

Figure 5.16 Modulation Depth 

 

The circuit is designed to produce a maximum current of 120 mA. The devices 

selected for this circuit are IRF540 N-channel MOS (International Rectifier, USA) and 

an operational amplifier with high open loop gain in the order of 140dB (MAX427, 

Maxim, USA). However the channel 2 is able to produce a square wave output at a 

frequency between 1 to 20 Hz with a modulation depth between 0 and 100%. The 

modulation depth expressed as per equation 5.5 based on the Figure 5.16. 

 

                                                                  
  

                                      (5.5) 
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The two level of the current for the channel 2 is generated using the circuit shown in 

Figure 5.17. 

 

 

Figure 5.17 Current generator circuit for channel 2 

 

The outputs from two D/A converters VDAC_H and VDAC-L are used to set the currents 

IH and IL respectively.  VOS allowed setting the effect of inaccuracies of D/A 

converters and operational amplifier. Two switches are used to select the input 

applied to the operational amplifier. Switching timing of the switches determine the 

duty cycle and frequency of channel 2. The duty cycle and the frequency of the 

channel 2 were controlled with software panel shown in Figure 5.18. 
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Figure 5.18 LED controlled panel 

 

Table 5.1 Frequency of the square wave generated by the channel 2  

 

Theoretical frequency (Hz) Measured frequency (Hz) 

1 1.0 

2 1.9 

3 3.1 

4 4.1 

5 4.9 

6 6.1 

7 7.0 

8 8.0 

9 9.2 

10 10.1 

11 10.8 

12 12.2 
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The frequency of the generated square wave from channel 2 using the software 

controlled setting was verified with a trans impedance photodiode amplifier (S1223, 

Hamamatsu, Japan) placed directly in front of the front lens of fundus camera 

connected to a Digital storage oscilloscope (DSO3102A, Agilent technologies, USA). 

The sample waveform acquired at 12 Hz was shown in Figure 5.19.  

 

 

Figure 5.19 Sample square wave generated at 12 Hz  
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5.4 Image acquition system 

The images are acquired with a help of standard frame grabber (iPORT-PT1000-

ANL-2/6, Pleora technologies Inc, Canada). This device able to acquire images from 

multiple channels and sends images to the PC through a Gigabit Ethernet cable. 

 

Figure 5.20 Picture of iPORT PT-1000 ANL-2/6 device 

 

The frame grabber and the PC were connected through a Network Interface Card 

(NIC) mounted on the PCI slot of the PC. The iPORT High-Performance IP Device 

Driver runs on all Intel PRO/1000 network interface cards/chips (NICs), including 

those for PCI Express. Sometimes, the chip versions are called LANs-on-

motherboard (LOMs). The driver streams IP image data directly into PC memory, 

allowing applications to grab image packets at rates upto 1 GB/s with minimal CPU 

utilization. The frame grabber is controlled thorough the software using PC. The 

iPORT IP engine is connected to a host PC either directly or through a network 

switch with an assigned IP address. 

The iPORT device allowed inputting upto 6 video devices, however the ANL-2/6 

only allowed 3 video inputs per channel. The device is able to grab 25 fps from each 
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channel. When multiple video signals are present to the channel, the video output of 

the grabber is set through the application software running on the PC. 

 

Figure 5.21 Block diagram of image acquisition system 

 

The general purpose Input/Output connecter used to control the external devices 

connected to the iPORT device. The LED driving circuit was connected to the iPORT 

device through an RS232 connection and this circuit is controlled through software 

developed in Visual Basic.  

The device is connected to the PC with help of modified software developed iPORT 

software development kit. The simple connect panel of the modified software is 

shown in Figure 5.22. 

During the connection process an IP address was assigned to the IP engine. This IP 

address establishes the connection between the PC and IP engine over the gigabit 

Ethernet cable.  
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The PT1000 ANL-2/6 engine offers two channels. Each channel can grab 

simultaneously with independent settings. Application software allowed to 

grabbing and displaying images from both channels simultaneously. By selecting the 

Data Channel #0 and Data Channel #1, the images from both channels will be 

displayed in the same window as two sub-displays side by side. Figure 5.24 is a 

screen capture of the multiple channel display in one window. 

 

Figure 5.22 Connect panel of the frame grabber 

 

Figure 5.23 Channel selection 
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The images captured from two channels at the same time and sent to the PC, stored 

in two different databases specified by the user during the image saving process. 

The images contain both the blurred and good images. The blurred images are 

removed before processing.  

 

 

Figure 5.24 Images from two channels displayed in one window 

5.5 Image processing algorithms 

An image (Latin: imago) is two dimensional (photograph) or three dimensional 

(hologram) in nature to represent appearance of objects. The images can be captured 

by some optical devices like video camera, microscopes, lenses etc. These images 

may be classified as word images (graph, map), volatile images (CRT), still images 

(photographs) and moving images (film). Eye is the more sensitive part in human 

body. The interior part of the eye contains retina, optic disc, macula, fovea, 

capillaries, and vessels. These interior parts can be viewed through some specialist 

devices like fundus camera. 

Functional imaging is a method of detecting or measuring the changes in blood flow, 

metabolism and absorption using probes to trace them within the human body.  

Ocular fundus reflectometry is a non-invasive technique to image the fundus and 

used to diagnose and document various eye diseases and their progression over 
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time [123]. Ophthalmologist compares the retinal images of same eye by overlapping 

the fundus photography taken at different times. However these images are 

misaligned due to changes in optics between optics and fundus. This can occur 

within a time frame of microseconds. It is very difficult to compare manually all the 

images taken at different times. The computer based techniques produces more 

accurate information about the misalignment between images by superimposing 

two images.  

Image registration aligns two or more images of similar objects taken at different 

times, from different viewpoints, and/or by different sensors. Previous investigators 

use several methods for analysing the fundus images. They are broadly classified 

into either interactive or automotive method based on the processing.  Image 

registration is a very important task in all image analysis techniques. The 

registration of medical images is geometrically transforming them into their close 

similarity. An image similarity measurement quantifies the degree of similarity 

between intensity patterns in two images. The choice of an image similarity 

measurement depends on the nature of the images to be registered. Common 

examples of image similarity measurements include cross-correlation, mutual 

information, sum of squared intensity differences, and ratio image uniformity. 

Registration is intended to correct the relative translational shifts between the two 

images.  

Image registration algorithms can be mainly classified into two types namely, 

intensity-based and feature-based [124]. One of the images is referred as reference or 

source and the other is referred as target or sensed. Image registration involves 

spatially transforming the target image to align with the reference image. Intensity-

based methods compare intensity patterns in images through correlation metrics, 

while feature-based methods find correspondence between image features like 

points, lines, and contours. Intensity-based methods register entire images or sub-

images. If sub-images are registered, centers of corresponding sub-images are 

treated as corresponding feature points. Feature-based method established 
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correspondence between a numbers of points in images. After knowing the 

correspondence between a numbers of points in images, a transformation is 

determined to map the target image to the reference images, thereby establishing 

point-by point correspondence between images. Image registration algorithms can 

also be classified according to the transformation models used to relate the target 

image into the reference image. A spatial method mainly operates in image domain, 

matching intensity patterns or features in the images. Some of the feature matching 

algorithms are most similar in nature, based on performing manual image 

registration compared with traditional techniques. The corresponding control points 

(CPs) in the images are selected by an operator manually. When the number of 

control points exceeds the minimum requirement to define the appropriate 

transformation model, an iterative algorithm can be used to robustly estimate the 

parameters of a particular transformation type (e.g. affine) for registering the images 

[125]. When several source images are to be registered in the same target image, 

fundamental techniques need to be used repeatedly, once for each target image. The 

automatic subpixel registration algorithm minimizes the mean square intensity 

difference between source and target images [126]. 

5.5.1 Basic theory of image registration 

The image registration is the process to estimate the transformation between two or 

more images and brought them to their close similarity. Registration algorithms 

compute set of image transformations between points or regions within images, or 

between physical space and images.  

The registration problem can be mathematically represented as follows: 

 The main objective of the registration is to find the correspondence or mapping 

function C(.), which takes every pixel in the target image (Yt) and return a pixel in 

the source (YS). 

                                                                                                                                    (5.6) 
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Let the points in the source image, YS, be denoted by {Ysi|i = 1, . . . , m}, and the 

points in the target image, Yt,, be denoted by {Ytj| j =1, . . . , n}. We want to find a 

transformation matrix C such that when applied to YS, the distance from each point 

on the resulting image and its corresponding point on the model image Yt is zero in 

the noise free case. 

Let us consider rigid registration without scaling, the transformation matrix C 

consists of two components: a rotation matrix R, and a translation vector T. The 

objective of registration is to determine R and T to minimize the following criteria 

                                                                                                                            (5.7) 

When we add scaling factor the transformation matrix T is called the similarity 

transformation matrix. The new image will be similar to the original image but in a 

different scale. The minimization of the equation 5.7 is more difficult and highly 

nonlinear. The transformation matrix plays a vital role in image registration, when 

we know the transformation approximately, the registration process become more 

difficult. In most of the registration methods, an initial transformation is used in 

iterative process to obtain local minimum. The registration time also plays a role in 

most of the applications.   

The image registration process used to obtain an optimum transformation matrix 

between source and target images. Rigid transformation is most commonly used 

method involves rotation and translation. In affine transformation parallel lines 

maps into parallel lines, however in projective transformation a line is mapped into 

a line. Elastic transformation maps a line into a curve. All the transformations are 

combinations of two or more transformations. The transformation is a global, if it is 

applied to entire image and when the transformation is local, if it will be applied to 

subsections of images. Rigid and affine transformations are global and elastic is 

local.  

The mapping process may be interactive, automatic or semi-automatic. In interactive 

method a user will do all the operation with the help of software and in semi-

automatic method some of the operations are performed in computer and in 



108                       Methods of estimation of ocular hemodynamics in human fundus                 

 

 

 

 

automatic method all the operations are performed automatically without any 

assistance of user. 

5.5.2 Registration with image templates 

Template matching method is based on cross correlation used in many applications 

of image processing. The template is sub-image from the reference image and 

considered as sensed image.  The objective is to establish correspondence 

transformation mapping between sensed image and reference image. For high level 

accurate matching, the template should represent highly detailed and unique 

regions. The selection of best template is based on overlapping of templates 

produces less than 60% equal areas between two templates. 

  

 

(a) (b) (c) 

Fig. 5.25 Template matching method (a) target image (b) binary mask and(c) sub-

image 

 

The first step in template matching method is extraction of the sub-image. The sub-

image is created using a 25 x 25 matrix based binary mask. The binary mask having 

the same size of the reference image containing only 0(zero) except the area of sub-

image location. The location of the binary mask adjusted through a Matlab 
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programme.  This process is repeated by placing the mask on different places in the 

image. The templates are stored in a directory and the best templates are selected 

based on highest-gradient edges.  

The uniqueness of each template is computed with same size window image in the 

neighbourhood using auto-correlation method [127]. The values of normalized 2D 

correlation coefficient were lies between -1.0 to +1.0. The template with sharp peak 

shows the uniqueness among the neighbouring windows. The other method used 

for testing the uniqueness is the eigan values method. We selected the unique 

template using first approach. 

The second step in the image registration process is template matching. The template 

matching process used to find the location of the sub-image inside an image. The 

centers of the each template are used to extract the corresponding control points to 

determine the registration parameters. 

The third step in this process is calculation of similarity measures. The similarity 

measure is process to compare the template with same size window image on the 

target to find the most similar image. The accuracy of the template matching method 

lies on the similarity between the widow and template. 

We assumed a template image as T and the window image as S. The size of the 

template is 25 x 25 (n X n) and the size of window image is 640 x 480   (m X m). We 

generated the similarity images of size (616 x 456).  

The sum of absolute differences in the intensity [128] was defined as 

                                                     
   

 
                                  (5.8) 
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(c) 

Fig. 5.26 Results of 2D template matching method (a) source image (b) aligned image 

and (c) alignment accuracy 



Ocular fundus reflectometry                                                                                                        111 

 

 

 

 

Coordinates (x,y) represent the front-upper-left corner of a window in image S 

where the template being matched. Sod shows the dissimilarity between T and the 

window at location (x,y) in S. The similarity calculation takes large time and some 

researchers proposed new algorithms to speed up the computation [129].  

The cross correlation gives similarity between the template and the window, if both 

are similar Sod(x,y) will larger and the mean will be zero, if both template and 

window are normalized. Once the best template and the location in the image 

identified, the translational shift between the template and the window can be 

calculated as 

                                                                                                  (5.9)      

                                                                                                                  (5.10) 

where u is the angle of rotation between template and the window and dx–

translation in x direction, dy-translation in y direction. An affine transformation is 

applied to create 2D spatial transformation structure. The image S is transformed 

based on 2D spatial structure. The template matching method had highly complexity 

and takes larger time for computation. 

5.5.3 Multiscale framework based image registration 

Our main goal of the new algorithm design is to align the images at a faster rate. 

Image registration is the process of finding a mapping that aligns one image to 

another. The mapping functions between two images are defied in Equation 5.6.  

We used two methods for establish the mapping function: warped grid and flow. 

The warped grid method takes a regular grid and uses the mapping C (.) to wrap it. 

In the flow approach maps a subset of discrete points with a translation vector. 

Figure 5.27 shows some examples of the grid and flow representations. 

There are three main problems affect the registration of images, (i) distortion (ii) 

images acquired by different devices or same device with different settings (iii) only 

availability of partial data. Most of the registration algorithms are based on (1) 
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estimation of transformation with some landmarks (2) geometric transformation (3) 

intensity changes (4) minimization of error metric. 

Feature Space 

Feature-based method extracts number of corresponding features like contours, 

edges between the pair of images to be registered [130]. Common futures include 

corresponding points [131], edges [132] or contours [133] and they are extracted 

manually or automatically. The advantages of feature-based method are less 

computational complexity. However, this approach is highly sensitive to extraction 

of the features. Also features may reduce the sensor noise. Intensity-based method 

estimate transformation between entire intensity images. This approach avoids the 

difficulties in the feature extraction stage.   

 

source target grid flow 

    

Figure 5.27 Sample mapping of grid and flow mapping 

Geometric transform 

The geometric transform is most necessary model required; whether the model is 

based on feature or intensity based. The estimation of global rotation and translation 

for images are more difficult. The geometric transformation was defined with 

polynomials [134]. The major disadvantages of this approach are that estimation of 

higher-order polynomials leads to unstable transformation and computationally 

inefficient. The advantages of this method is able to model the highly nonlinear 

transformations 
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Intensity changes 

The geometric transform is inefficient to estimate the transformation between two 

images with different intensity levels. Many registration algorithms use a pre-

processing method to remove the intensity variations before registering the images. 

Simultaneous estimation intensity changes and geometric transformation is more 

difficult.  

Estimation of error metric 

After the transformation model is selected, the estimation of translation parameter 

begins. The next step is deriving the error metric estimation function between two 

images. Most commonly used method is mean square error (MSE), the mean 

difference in intensity or distance between two images [135]. Error metric calculation 

sometime uses the fast Fourier transform. The errors can be minimized using simple 

linear method called least square estimation and sometimes a non-linear estimation 

is also used.  

We selected an intensity based approach to avoid the difficulties in selecting the 

features. We modelled the geometric transform with local affine. We employed MSE 

error metric function for the intensity values and minimized through least square 

estimation [136]. The proposed system stages was shown in Figure 5.28 

 
Figure 5.28 Schematic diagrams for differential multiscale framework 
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Methods 

The image registrations between to images are formulated with a non-feature based 

differential framework. The formulation of motion estimation was obtained based 

on the descriptions found in [137-139] and modelled as affine transformation.  We 

denote f(x,y,t) and f(x’,y’,t-1) are the source and target images respectively, where t 

denotes the temporal parameter. We assumed the intensity between two images is 

constant and the motion as locally affine model.     

                                                                                   (5.11) 

where m1,m2,m3,m4 are the linear affine parameters and m5, m6 are translation 

parameters. In order to estimate these parameters a quadric function to be derived 

and minimized 

                                                                       (5.12) 

where  


m  = (m1, m2,....., m6)T and Ω are the small neighbourhood. Since the error 

function is a non-linear function, its value cannot be minimized analytically [140]. 

We assumed that the intensity between the source and the target images is 

unchanged; however it can be failed in some circumstances. In order to avoid such 

problem, we also incorporated the intensity variation correction within our 

developed model. We also assumed that the transformation as local affine within the 

small spatial regions. We approximate the error function using first order Taylor 

series expansion. 

5.5.4 Proposed Software System Overview 

A more accurate estimate of the error function was determined using Newton-

Raphson iterative method. On each iteration, the estimated transformation is applied 

to the source image and the source image is warped to align with target image and a 

new transformation is estimated between warped image and target image. The final 

estimate of transformation of source image can be improved within ten iterations. 
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Figure 5.29 Multiscale estimation of the registration map from a coarse to fine scale 

 

A Gaussian pyramid approach [141] is built for both source and target images at 

coarse level to estimate local affine parameters between the images. The estimated 
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parameters are used at each level to warp the source image in the next level of the 

pyramid and this process is repeated at each level of pyramid. The estimated values 

are accumulated to obtain a single final transformation at the end.  This estimation is 

used to warp the source image in the next level scaling. The warped image is 

registered with the target image. The multiscale estimation is used to recover all type 

of motions like rotation, translations etc. Within each scale, the registration map is 

generated in iteration fashion as shown in Figure 5.29 

After an initial estimation of registration parameters minimum block size, sigma, 

edge mask and number of level, the source image is warped with these parameters 

and registered with the target image. During the computation of each iteration, 

successive registration maps are accumulated to form a single registration map. The 

iterations are stopped when the average displacement of motion is below 0.1 pixels. 

 

  

(a) (b) 

Figure 5.30 Optic nerve images. (a) Well focused and (b) blurred or eye blinking 
image 

 

Implementation  

The gray scale ocular fundus images of size 640w x 480h-bitmaps (BMP are acquired 

with a CCD camera (Philips LDH0702, Germany) at a rate of approximately 25 
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frames-per-second. The images are captured by a frame grabber (iPOPT PT-1000, 

Pleora technologies, Canada) and send to the PC through a network cable and stored 

in the directory specified by the user. This data base contains a large amount of 

images, which also includes both good and out of focus images as shown in Figure 

5.30.  

Our images are well defined with the optic disk and optical nerves. The out of focus 

and eye blinking images (blurred) are removed from the data base before aligning 

the images. The separation of the images was done manually before; it required 

more computational time and a trained technician. To avoid the time consumption 

and manual error, the separation of the images is now done with the help of 

software developed using the maximum count algorithm. 

The maximum count of an image is found through the pixel matching method, 

which maps the pixels (pixel to pixel) of the source and the target image. A critical 

threshold value is fixed (around 17000 for well focused optic nerve images) to 

separate the good and bad images. An image giving a count value above the 

threshold is designated as a good image and all the others are designated as bad 

images. This algorithm carries out the elimination of the out of focus images at a 

faster rate.  Separation is obtaining by maximum pixel similarities between two 

images. Once the image is separated from the database, it is stored in a new database 

containing only the good images.   

The translation shifts between the source and target images are corrected with 

template matching, which involves minimization of a function of the error between 

the search and reference images. In order to minimize the border effect, each image 

is padded with zeros to a size of 656 x 496. The computational complexity for the 

registration is reduced at a great level by the application of template matching 

techniques.  The speed of registration is further increased by creating a small sub-

image in the source and target to find the amount of translation and rotation 

involved between two images. Once these parameters are estimated, their values are 

applied to the whole image. One of the major difficulties with traditional image 
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registration techniques is that they provide poor discrimination between objects of 

different shape but of similar size or energy content. Further, even though template-

matching methods are effective in the presence of low or moderate additive noise, 

they perform poorly on images which are highly noisy. 

The speed of alignment is further increased using differential multiscale framework. 

It is assumed that the difference between pair of images is due to motion 

(translations). A more generic affine model allows shear, rotation, scale and 

translation. We describe slightly modified version of generic affine model allows 

only translation. The affine parameters are estimated using differential framework 

using a Gaussian pyramid. A ten-level Gaussian pyramid is constructed for the 

source and target images. At each pyramid level, a single global affine and 

translation parameter is estimated as per Equation (5.11) with Ω, a correspondence 

mapping window is defined for the entire image as shown in Figure 5.31. 

 

Figure 5.31 Correspondence mapping between source and target images: source 
image (Top Left), target image (Top Right), aligned image (Bottom Left), and 
correspondence map (Bottom Right) 

480x640 Iteration: 2/2
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(d) 

Figure 5.32 Results of Differential multiscale framework algorithm: (a) source image 
(b) target image (c) aligned image and (d) alignment accuracy 

 

A coarse-to-fine method is used in order to contend the large motions. A Gaussian 

pyramid is built for both source and target images and the local affine parameter 

were estimated at the coarsest level. New parameter was estimated at each level of 

pyramid and used to warp the source image in the next level of pyramid. The spatial 

and temporal derivatives are estimated as follows. The images are first pre-filtered 

using a two-tap filter with coefficients [0.5 0.5]. The derivative in x is estimated by 
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pre-filtering the result in y using a three tap filter with coefficients [0.2 0.5 0.2], 

followed by differentiating in x using a derivative filter [-0.4 0 0.4] and the same 

method was used to estimate the derivative of y. In order to minimize the error 

function an iterative method used. On each iteration, the estimated transformation is 

applied to the source image and a new transformation is estimated between the 

newly warped source image and the target image.  

The registration map was estimated in an iterative fashion as shown in Figure 5.29. 

After an initial estimation of registration parameters, the source image is warped 

with the estimated parameters and registered again with the target image. During 

each of these iterations, successive intermediate maps are accumulated to form a 

single registration map. The iterations are stopped when the average displacement 

of the estimated motion is less than 0.1 pixels. The estimation of these model 

parameters is built upon a multiscale differential framework allowing to us capture 

small and large scale transformations. We have tested the efficiency of the algorithm 

by applying large number of ocular fundus images. The alignment accuracy of the 

algorithm is shown in Figure 5.32. Alignment accuracy has been calculated using 

sum of absolute differences of pixels between the aligned and target image. The time 

taken by an image for registration is represented as processing speed. 

5.5.5 Discussions 
We have developed two approaches for registering the fundus images. The template 

matching method had high computational complexity and less efficient compared to 

the multiscale differential framework method. The multiscale method is a fully 

automatic registration algorithm that uses gray levels of the images as features. We 

have introduced a new pyramidal approach to estimate the translational shift 

between the images. We have implemented this algorithm, presented with large 

amount fundus images; it shows a good performance with respect to accuracy and 

speed. This algorithm has both its strengths and weakness. It is very difficult to use 

images with large distortions. However, it is very useful in many medical imaging 

problems. 
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5.6 Camera movement calibration 

CCD Video Cameras 

The images are acquired using CCD video camera. One camera used to capture the 

images from the anterior segment of the human fundus (LDH0702/50, Philips, 

Holland) and the other camera used to capture images from the eye ball (KPC-

E20B11, KT&C, South Korea). The images are formed on the camera based on the 

reflected light from the human eye. The reflected light contains both the near 

infrared and visible light from the LEDs. Both the cameras are set to work only on 

the near infrared light. The visible lights are filtered before the light striking the 

image sensor of the CCD. The image sensor used both cameras are 1/3” Sony high 

resolution HDD CCD with the effective pixels size of 752 (H) × 582 (V). However, 

the frame grabber is able to grab the image of size 640 (H) × 480 (V). The 

arrangement used for the filtering of the visible light is shown in Figure 5.3. An IR 

band pass filter F (RT-830, Edmund Optics, Germany) was introduced to filter out all 

the visible light going to the CCD camera used for acquiring the anterior segment 

image. Similarly along the path of the camera used to capture the eye ball images a 

cold mirror F (NT62-633, Edmund Optics, Germany) was introduced to filter out all 

visible light and followed by the filter an neutral density filter D (NT48-533, 

Edmund Optics, Germany) was used to reduced the amount of NIR light going to 

the CCD camera. The backscattered light from the front lens of the fundus camera 

makes the CCD saturation. We used a neutral density filter D (NT48-533, Edmund 

Optics, Germany) to reduce the amount of light passing to the CCD. The internal 

transmission for the filter was estimated using following equation 

                                                  
  
                                          (5.13) 

Where t1- filter thickness of curve, t2 – filter thickness of interest and τ1(λ) – internal 

transmittance at t1 of wavelength λ. The estimated optical density at 770 nm is 2.5 

with a transmission of 16%. 
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Using Ocular eye model 

We had developed software to estimate the translation shift and rotation in one 

camera image to estimate shifts in the other camera images. We estimated the 

translation shifts between two cameras using an ocular eye model mounted on a 

translation stage. The translation stage was moved in a known distance of 0.1 cm in 

X axis and images are acquired from both cameras. This was repeated until the 

translation shift of 1 cm in both sides from the center (left and right). The same is 

repeated on Y axis. The images acquired from the fundus camera are also influenced 

by some rotation. The angle of rotation was estimated using the ocular eye model by 

mounting the same on an angular rotation stage. The angular stage is rotated by an 

amount of 1˚ and the images are acquired similar to the translation in both X and Y 

directions. The eye ball images and anterior segment images are aligned using the 

Differential multiscale framework software described in section 5.5, taking the first 

image as the base image. Two dimensional cross correlations was used to estimate 

the pixel displacement between the original image and the aligned images. A 

calibration curve between the distance and the pixel displacement of eye ball images 

is shown in Figure 5.33. 
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(d) 

Figure 5.33 Calibration curves of ocular eye model. (a) Translation along X axis, (b) 

Translation along Y axis, (c) Rotation along x axis and (d) Rotation along Y axis 

A relationship was established between the distance/angle and the estimated pixel 

displacement with a linear regression plot shown in Figure 5.33. The linear 

regression equations of translation and rotation are  

                                                                                                                     (5.14) 

                                                                                                                   (5.15) 

                                                                                                                     (5.16) 

                                                                                                                     (5.17) 

where Tx, Ty are the estimated translation shifts and Rx, Ry are the estimated angle of 

rotation in x,y direction. Dx, Dy are the known translation distance and Rθx, Rθy are 

the known angle of rotation.  

The linear regression equations of anterior segment camera was estimated similar to 

the eye ball image camera, the linear regression equations of translation and rotation 

are   
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                                                                                                                     (5.18) 

                                                                                                                     (5.19) 

                                                                                                                     (5.20) 

                                                                                                                    (5.21) 

The relationships between two cameras are estimated using the equations from 5.14 

to 5.21.  

Calibration using human eye images 

The orientation and the optical properties of human eye are different from the ocular 

eye model. The alignment based on the calibration curve of the ocular eye model 

shows much deviation with the software alignment. The camera movement between 

the anterior segment images and eye ball images are obtained as described below. 

The experimental protocol is described about the stimulation of fundus. A steady 

near infrared light (770 nm, 600 µw at the cornea) was used to illuminate the fundus. 

The fundus flicker was obtained using Red, Green and Blue LEDs, one colour LED 

used at a time to flicker the fundus selected using a rotary switch. The intensity of 

the fundus illumination and flicker stimulation was controlled with the software 

panel described in the section 5.3.  

 

 

Figure 5.34 Measurement protocol 
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The measurement protocol shown in Figure 5.34, reflectance registrations at 770 nm, 

each consisting of 30s baseline followed by 60s stimulation and 30s recovery. Both 

cameras are synchronized to acquire images at the same time and set to store the 

images into two different directories specified by the user. The pre-processing of 

images like the removal of eye blink and blurred images in both directories as 

described in section 5.5. The images of both cameras are aligned separately taking 

the first image as target using the differential multiscale framework based image 

registration software descried in section 5.5. The pixel displacements of all the 

images are calculated using two dimensional cross correlations. Mean displacement 

in X and Y directions are estimated, the larger displacement from the mean on both 

sides are removed (corresponding images in both directories are also removed). 

Calibration curve obtained by plotting a linear regression line with the displacement 

of external pupil images Vs the fundus images for both X and Y directions. 
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(b) 

 

Figure 5.35 Calibration curves of human eye images. (a) X direction displacement 

and (b) Y direction displacement 

The estimated translation shift between two cameras are given by 

                                                                                                                       (5.22) 

                                                                                                                       (5.23) 

Where Tx, Ty are the estimated pixel displacement of fundus images (X and Y 

directions) corresponds to the pixel displacement of external eye ball images Dx, Dy 

respectively. The alignment precision was improved much better compared to the 

previous approach and the difference between the software based approach and 

linear regression based approach is below 1%. 

5.7 Experimental results  

Detailed explanations of all procedures were provided and informed consent was 

obtained from each subject prior to participation in the study. All the measurement 

sessions are performed under same condition. In particular the optical powers are 

kept below limits imposed for ocular safety [29]. The LEDs L1 (770 nm) and L2 
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(430nm, 523nm and 572nm) are kept the minimum required power to illuminate and 

stimulus the fundus. The optical power of LED used to illuminate the fundus was 

kept at 700 µW. The intensity of flicker LEDs (Red, Green and Blue) are kept at 7 lx. 

The optical power delivered by the LED L1 at the cornea was measured with help of 

optical power meter (Ophir Optronics, Israel). The optical intensity of the flicker 

light was measured using a lux meter (Detla ohm, Italy). The measurements were 

performed according to the measurement protocol. This protocol gives the duration 

of baseline, flicker and recovery and the modulation frequency of the flicker light. 

During the baseline a steady lights of LEDs L1 and L2 are applied to the human eye. 

During the flicker the modulated light of L2 and steady light of L1 was applied and 

in the recovery period is similar to the baseline condition. A sample measurement 

protocol of the reflectance measurement was shown in Figure 5.34.  

 

 

Figure 5.36 Changes in reflectance measured in ocular eye model 
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An ocular eye model (OEMI-7, Ocular imaging eye model, Ocular instruments, USA) 

was used to test the reflectance changes induced by the instrument. The percentage 

changes in reflectance were shown in Figure 5.36. The standard deviation of 

reflectance variation is 0.015%. 

During the in-vivo measurement, the eye was dilated using two drop of 1% 

Tropicamide. The room was kept under dark condition during the entire 

measurement. The measurements were performed as per the protocol specified 

previously by making the visual stimulation frequency in the range between 8 Hz 

and 24 Hz. The studies performed using laser Doppler flowmetry (LDF) on optic 

nerve head blood flow (ONH) shows significant response in this frequency range 

[117]. The changes in reflectance were described interms of variation in the 

distribution of intensity changes of the pixel in the fundus images. The percentage 

change in reflectance R was described as  

                                                  
       

   
                                      (5.24) 

Where RBi is the average response of first frame of baseline at site i and RFi is the 

response, averaged over the time slots of 1s, during next frames (baseline, flicker and 

recovery) at site i.  

We performed series of in-vivo measurements to test the functionality of the 

instrument.  The duration of the baseline is been set to a value of 20s, flicker is been 

set to a value of 60s and recovery is been set to a value of 30s with modulating 

frequency of 12 Hz at 523 nm. The images are acquired at a rate of 25 frames per 

second. The images of aligned with the software. The large movement images are 

removed from the database before calculating the reflectance variation. The pixel 

displacements of all images are calculated using 2D image correlation method. We 

estimated the linear regression equation for the displacements between two camera 

images as described previously. The region of interest was selected in all images 

acquired during baseline, flicker and recovery with an area of 25 × 25 pixels. The 

sample image with region of interest is shown in Figure 5.37. 
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Figure 5.37 Region of interest for the study 

 

 

Figure 5.38 Reflectance variation of the region of interest 

 

The mean pixel value in the selected area (region of interest) of all images is 

estimated. The average intensity variation of each frames are calculated by 
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region of interest is calculated using the equation 5.24 taking average intensity of the 

first frame in baseline image as RB and RF is the average intensities of next frame 

images in the baseline, flicker and in the recovery periods at the given region of 

interest site. The reflectance variation of the region of interest at 12 Hz with 523 nm 

was shown in Figure 5.38. 

Reflectance measurement with different modulating frequencies  

Preliminary in-vivo measurements have been performed on a 25 years old male 

subject. Informed consent was obtained from the subject. The pupil of the examined 

eye was fully dilated with help two drops of 1% tropicamide atleast 20 min before 

the examination. The instrument was placed in a dark environment and separated 

from the light of the monitor of the personal computer. Images of the ocular fundus 

and the external eye ball were acquired by setting the NIR power impinging the 

subject cornea to 600 µW. The intensities of the visual stimulation LEDs are settled at 

6 lx by adjusting the current applied to the LEDs.  Flicker stimulation was generated 

by modulating a steady illumination (light at 430, 523 and 572 nm) at frequencies of 

4 Hz, 12 Hz and 14 Hz using software controlled driver circuit. The observation 

angle was approximately 45˚. Each set of measurements were performed at different 

modulating frequencies with same modulating light. The measurement protocol was 

set as 60s baseline followed by 60s flicker and 60s recovery for all measurements. 

Both cameras are synchronised with software to acquire the images at the same time. 

The images are stored directly in the personal computer in different folders as 

specified by the operator.  The blurred and eye blinking images in both camera 

folders are removed using the software before image alignment. The images are 

aligned with the software described in section 5.5. The aligned image of anterior 

segment camera is shown in Figure 5.39. The pixel displacements of all external eye 

images are estimated using two dimensional cross correlation method. The time 

sequences of both camera acquisitions are estimated to relate one camera image with 

the other camera image and the mismatch images are removed in both databases. 
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The pixel displacement of the eye ball images are used to estimate the movement of 

the anterior segment images using the calibration characteristics of human eye 

described in section 5.6.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 5.39 Ocular fundus images. (a) Source image (b) Target image (c) Software 

aligned image and (d) linear regression curve based aligned image 
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The locations of regions of interest used for reflectivity calculation are numbered 

from 1 to 5 is shown in Figure 5.40. The changes in reflectivity of software aligned 

and linear regression based aligned images are shown in Figure 5.41.   

        

  

 

 

 

 

 

 

 

 

 

Figure 5.40 Measurement sites at optic disc. The white squares marked with 1 to 5 

are the actual sampling areas 
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(b) 

Figure 5.41 Reflectance variations at the 5 measurement sites. (a) software aligned 

images (b) linear regression curve based aligned images 

 

The peak reflectance variations at the 5 measurement sites of both software and 

linear regression based aligned images are presented in Table 5.2  

 

Table 5.2 Peak reflectance variations  

Measurement sites Peak reflectance variations (%) 

Software based 

aligned images 

Linear regression 

based aligned images 

1 - 3.83 - 4.12 

2 - 4.47 - 5.07 

3 - 3.89 - 4.11 

4 - 4.35 - 4.91 

5 - 3.59 - 3.72 
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A non-invasive method to measure the light reflectance changes in response to 

diffuse flicker stimulation has been described. The detail description of the 

development of instrument for functional imaging of human retina has been 

described. Image registration techniques to minimize the effect of involuntary eye 

motion were described. Visual stimulus induced changes in reflectance and 

increased neuronal activity have been obtained. The significant decrease in 

reflectance is most probably due to the increase in blood volume during stimulation.  
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Conclusions  
 

 

 

In this thesis, non-invasive methods for ocular blood flow measurement are 

presented.  In particular, laser Doppler flowmetry (LDF) technique for the moving 

red blood cells (RBCs) in the choroidal region of human fundus and ocular fundus 

reflectometry for measurement of reflectance changes in the optic nerve in presence 

of visual stimulation was presented. 

The experimental activities performed on effect of timolol on subfoveal choroidal 

blood flow using LDF technique in normal subjects confirms that a drop of timolol 

produces statistically significant increases the ocular blood flow (43%, p<0.05) and 

ocular perfusion pressure(3.8%, p<0.05), and statistically significant decreases in 

intraocular pressure (16%, p<0.05) and heart rate(11%, p<0.05). Previous studies [97, 

98] showed much weaker effects of timolol on ocular hemodynamics. Therefore our 

experimental observation requires a deeper investigation, taking also into account 

that we observed a similar behaviour for the timolol and placebo-treated eyes. Our 

technique suffers some drawbacks: (i) it does not provide absolute value of blood 

flow (ii) uncertainty in knowing the sampling volume (iii) optical properties of 

ocular tissue (iv) angle of impinging and scattering beams (v) changes in pupil 

diameter. 

The experimental activities performed on the effect of one drop of 1% tropicamide 

using a 4mm artificial pupil directly in front of the cornea does not produce any 

change in LDF flow parameters (0.7% for Velocity(p>0.05), 2.8% for Volume(p>0.05), 

1.1% for ChBF (p>0.05)). However, we observed statistically significant changes in 

LDF flow parameters in the measurement performed without any pupil in front of 

the eye (9.0% for Velocity(p=0.01), 15% for Volume(p<0.02), 17% for ChBF (p<0.01)). 

The increases in pupil diameter during both experimental activities are similar. The 

use of an artificial pupil resulted in Velocity, Volume and ChBF data which were not 
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affected by the pupil dilatation process (2.4% for Velocity (p>0.05), 3.1% for Volume 

(p>0.05), 1.3% for ChBF (p>0.05)). The changes in pupil diameter resulted in larger 

scattering angles for the beam emerging out of the pupil and also bigger variations 

of the location of the incident beam at the pupil and induces large variability in LDF 

values (5.4% for Velocity (p<0.05), 9.0% for Volume (p=0.03), 10% for ChBF 

(p<0.01)). 

The clinical usages of LDF measurements are limited due to the variations in the 

measured parameters. We proposed use of an artificial pupil to measure the effect of 

various pharmacological agents on choroidal blood flow (ChBF) using LDF reduces 

the variability and increases the sensitivity of this technique to detect the changes in 

ChBF. 

We developed a complete instrument useable for clinical application for the 

functional imaging of human fundus. Being an instrument used in clinical 

application, this requires well defined standard and safety regulations. Series of in-

vivo measurements demonstrated for proper functions of the system and the results 

have proved that the functionality of developed system is more encouraging. Two 

dimensional images of the changes in reflectance induced by increased retinal 

neuronal activity have been obtained. A significant decrease in reflectance was 

observed in the temporal sites are most probably due to increase in blood volume 

during neural stimulation.  
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