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ABSTRACT 

 
A fundus camera a complex optical system that makes use of the principle of reflex free 

indirect ophthalmoscopy to image the retina. Despite being in existence as early as 

1900’s, little has changed in the design of a fundus camera and there is minimal 

information about the design principles utilized. Parameters and specifications involved 

in the design of fundus camera are determined and their affect on system performance are 

discussed. Fundus cameras incorporating different design methods are modeled and a 

performance evaluation based on design parameters is used to determine the effectiveness 

of each design strategy. By determining the design principles involved in the fundus 

camera, new cameras can be designed to include specific imaging modalities such as 

optical coherence tomography, imaging spectroscopy and imaging polarimetry to gather 

additional information about properties and structure of the retina. Design principles 

utilized to incorporate such modalities into fundus camera systems are discussed. Design, 

implementation and testing of a snapshot polarimeter fundus camera are demonstrated. 
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CHAPTER 1: RETINAL IMAGING: NECESSITY AND CONSIDERATIONS 
 

Retinal imaging is important in the diagnosis and monitoring of retinal health. 

Many common retinal pathologies and injuries can be diagnosed and assessed based on 

examination of the retina. The leading retinal pathologies, glaucoma, age related macular 

degeneration and diabetic related pathologies, all exhibit structural and functional 

characteristics which can be observed by retinal imaging modality 

Glaucoma is a general term referring to a collection of eye diseases that result in 

an increased intra ocular pressure. The progression of the disease results in the loss of 

peripheral vision due to the thinning of the retinal nerve fiber layer of the eye.  Retinal 

imaging has proven to be an effective means of diagnosing glaucoma. Progression of 

glaucoma can be monitored using conventional fundus photography and evaluating the 

cup to disc ratio, which is the ratio of the diameter of the optic cup to the diameter of the 

optic disc. Typical values of cup to disc ratios for non glaucomatous retinas have values 

around 0.3, ratios of 0.5 to 0.8 are suspect of glaucoma and ratios above 0.8 are indicative 

of glaucoma. Polarization sensitive imaging modalities based on laser scanning systems 

such as optical coherence tomography, OCT, and scanning laser ophthalmoscope have 

emerged recently and shown to be effective in predicting glaucomatous vision by 

measuring the thickness of the retinal nerve fiber layer. Advancements in retinal imaging 

have led to early diagnosis and accurate assessment of glaucoma. [1-3] 

Age related macular degeneration, AMD, is disease that impairs central vision 

associated with the macula. Diagnosis of AMD is made by testing central vision and 

retinal imaging. A retina affected by AMD will exhibit retinal lesions and drusen, specks 



 9

of discoloration on the retina composed of crystallized exudates. Conventional fundus 

photography can be used to identify drusen and retinal lesions. Fundus autofluorescence 

accomplished by perfusion of retinal blood vessels with a fluorescent dye, allows for the 

detection of accumulated toxins in the photoreceptors and it used to determine if lesions 

impair retina blood flow. Fluorescent imaging can be accomplished using a modified 

fundus camera or scanning laser ophthalmoscope. OCT and SLO have the ability to 

optically section the retina allowing for depth information to be resolved. By imaging the 

separate layers of the retina the size and type of the lesions can be quantified.  

Improvements in the imaging of AMD have allowed for more accurate quantification of 

the disease and improved treatment. [1,4,5] 

Diabetic retinal pathologies are complications resulting from the progression of 

diabetes. Diabetic retinopathy is the leading cause of blindness in diabetic patients. 

Retinopathy can manifest itself in the form of leaky swollen blood vessels and / or the 

formation of new abnormal blood vessels on the surface of the retina. These 

manifestations result in the impairment of vision and macular edema. Imaging methods 

for diagnosis of diabetic retinopathy include conventional fundus photography, fundus 

autofluorescence, SLO and OCT. Conventional fundus photography can show the 

formation of the abnormal blood vessels on the retinal surface and leaking of the blood 

vessels into the retinal structure. Fundus autofluorescence is the most used imaging 

modality considering it can be used to map the formation of new vasculature and regions 

leaky blood vessel. SLO proves particularly useful since it can be used in fluorescent 

imaging and more high resolution in the presence of cataracts which are prevalent in 

diabetic patients. OCT can be used to quantify the effect of retinopathy on retina depth 
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structure. Imaging in diabetes plays an important role in the diagnosis and monitoring of 

retinal health. [1,6,7]  

 

Figure 1.1: Images of the retina a) healthy retina b) age related macular degeneration c) 

diabetic retinopathy d) glaucoma. [8] 

 

Imaging the retina presents a unique design challenge for many reasons. The 

retina is not directly accessible because it is located at the posterior of the eye. To image 

the retina in a non invasive manner the retina must be illuminated and imaged 

simultaneously. [9,10] The retina is a minimally reflectively and highly scattering 

surface. [11-13] The optics of the eye, the cornea and lens, act as the objective in any 

retinal imaging system making consideration of ocular aberrations important. [14-18]  
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Imaging and illuminating the eye simultaneously requires the use of the principle 

of reflex free indirect ophthalmoscopy. This principle states that the imaging and 

illumination pathways pass through different portions of the optics of the eye to avoid 

back reflections from the cornea. [9] Retinal imaging systems utilize this principle by 

designing two separate optical systems, illumination and imaging, which share common 

optics. The illumination system illuminates the perimeter of the pupil while the imaging 

system images the retina through the un-illuminated portion of the pupil. [9,10] 

Reflective and scattering properties of the retina add difficulty to imaging. Figure 

1.1 shows the retina is to only 0.5 to 7% reflective in the visible spectrum. Light that is 

not specularly reflected is scattered into a distribution that is close to lambertian. [11,12] 

These properties result in only a fraction of the light illuminating the retina being 

propagated to the image plane of the camera. During the design of the retina imaging 

system it is important to locate the sources of ghost reflections and stray light considering 

they are likely to be much greater than the light from the retina. It is also important to 

make the radiant transfer of the system as efficient as possible. 
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Figure 1.2: Spectral reflectance of the human retina. Graph is reconstructed from data 

provided by Delori and Pflibsen [11] 

 

Imaging the retina requires the optics of the eye to be used as the objective for the 

imaging system. More that 50% of the general population has refractive error 

necessitating correction. [13-18] As a result any device used for retinal imaging in the 

general population must be able to accommodate for the largest sources of refractive 

error, defocus and astigmatism (see distributions in Figure 1.3). Higher order aberrations 

of the eye are not significant enough to necessitate correction, but limit the resolution of 

the retinal imaging to around 0.3 MTF at 50 lp/mm. [16-18] A resolution of around 20µm 

allows larger retinal structures such as the optic cup and disc, blood vessels, and macula 

to be imaged, but not smaller retinal structures such as rods and cones. A successful 

retinal imaging device will be able to accommodate across the clinical range of defocus 

and astigmatism. 
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Figure 1.3: Distribution of defocus and astigmatism in the average population. 

Reproduced from references [13-15] 
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CHAPTER 2: FUNDUS CAMERA DESIGN 

 
 Almost all the literature discussing the design of fundus cameras is contained in 

the patent literature. Though patent literature gives a system schematic and functional 

description of the system, vital information such as lens powers, component dimensions 

and spacings, conjugate planes, and other information required to reproduce the system is 

absent. [19-25] Therefore, analysis and comparison of systems to determine the 

effectiveness of certain design strategies is impossible. One of the goals of my research is 

to give an understanding of the design of fundus cameras and analyze the parameters that 

are important in the design process.  

 A fundus camera consists of three separated systems, the imaging system, the 

illumination system, and the fixation target. All of these systems must share common 

optics to complete the task of retinal imaging. The imaging system, Figure 2.1, is 

composed of an objective lens which forms an intermediate image of the retina in front of 

a holed mirror. A zoom lens, designed to accommodate for the refractive error of the 

patient, relays the intermediate image to the CCD. The illumination system of Figure 2.1 

with rays traced from the source to the retina shown in Figure 2.2, relays the illumination 

source to the pupil of the eye. An annulus and holed mirror are placed conjugate to the 

pupil to create annular illumination at the pupil. This allows the imaging system to image 

the retina through the central un-illuminated portion of the pupil and effectively removes 

corneal back reflections. Figures 2.1 and 2.2 show the imaging system and illumination 

share a mirror and objective giving these components dual functions. The holed mirror 

couples the illumination and imaging systems and the size of the hole in the mirror sets 
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the entrance pupil diameter of the system by restricting the diameter of the pupil of the 

eye used for imaging. The objective is responsible for relaying the image of the holed 

mirror on the pupil of the eye and imaging the retina. Light travels through the objective 

in both directions making the consideration of back reflections important. To eliminate 

back reflections from the objective a black dot, Figure 2.3, is placed in the illumination 

system conjugate to the objective. The black dot absorbs light that would otherwise be 

back reflected by the objective into the imaging system. The fixation target system shares 

the imaging pathway and places a target / LCD conjugate to the retina. This target allows 

the patient to fix his or her gaze in a fixed direction allowing different portions of the 

retina to be imaged. [10,19-21] 

 

 

Figure 2.1: Imaging path of fundus camera consisting of objective and zoom lens. The 

hole in the mirror restricts the entrance pupil of the system and eye. 
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Figure 2.2: Illumination path of the fundus camera. Annulus and holed mirror are located 

conjugate to the pupil of the eye and create annular illumination. 

 

 

Figure 2.3: Black dot of the illumination is placed conjugate to the objective to eliminate 

back reflections from entering the imaging path. 
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Figure 2.4: Fixation target shares part of the imaging path. The fixation relays a target or 

LCD to the retina. 

 

 An alternative design form to the design presented in Figures 2.1-2.4 is 

demonstrated in the patent literature. The illumination system is moved from behind the 

objective lens to between the eye and the objective lens. A beamsplitter is used to couple 

the imaging and illumination system. [24,25] This particular design strategy simplifies 

the design of the illumination system to two lenses and an annulus. A black dot is no 

longer needed to eliminate back reflections from the objective considering the objective 

is no longer shared by the imaging and illumination systems. 
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Figure 2.5: A fundus camera utilizing an external illumination system. The illumination 

system is placed in front of the objective eliminating back reflections from the objective. 

 

 The primary design criteria involved in the design of fundus cameras are 

elimination of back reflections from the cornea and objective, maximizing detector 

irradiance, maintaining complete illumination of the portion of the retina being imaged, 

and maintaining image quality. Trade-offs involved in the design of the fundus camera 

include image quality, detector irradiance, efficiency of the illumination system and 

uniformity of the illumination pattern on the retina. The variables involved in these trade-

offs are the size of the illumination annulus at the pupil of the eye, the working f-number 

(WF#) of the objective, the divergence angle of the illumination source and the location 

of the conjugate plane of the mirror (focus of the illumination pathway) with respect to 

the location of the pupil of the eye. The results provided by Appendix A demonstrate the 

interaction of these parameters and how they affect the design of the illumination system 

of the fundus camera.  
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Figure 2.6: Relationship between illumination annulus, imaging pupil and pupil / iris of 

the eye. Ril is the inside radius of the illumination annulus and Rim is the radius of the 

imaging pupil 

 

 The size of the illumination annulus on the pupil of the eye is a key factor in the 

efficiency and image quality of the system. Figure 2.6 depicts the relationship between 

the size of the illumination annulus, the imaging pupil and the iris of the eye. The outer 

radius of the illumination annulus is fixed by the physical pupil of the eye, and the inner 

radius, Ril, is controlled by the size of the hole in the mirror / annulus located in the 

illumination path. The radius of the imaging pupil Rim is limited by the inner radius of the 

illumination annulus Ril considering if Rim is larger than Ril cornea back reflections will 
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appear on the CCD compromising the ability of the camera to image the retina. In many 

designs a buffer between Ril and Rim is necessary to ensure cornea back reflections are 

eliminated. By controlling the inner radius of the illumination annulus, Ril, the image 

quality of the system is determined considering the image quality of the eye is directly 

related to the size of the imaging pupil (which is limited by the Ril). Image quality of the 

retina is inversely proportional to the size of the un-illuminated pupil imaging. [13,16-18] 

As the inner radius, Ril, shrinks more light is delivered to the retina, but less light is able 

to emerge from the eye through the imaging pupil reducing the efficiency. Results show 

that increasing the size of the annulus (effectively decreasing the size of the entrance 

pupil of the eye) decreases the transfer efficiency, increases image quality and increases 

the irradiance on the detector. Increasing the working f-number, WF#, of the objective 

decreases the size of the illumination annulus in order to eliminate corneal back 

reflections and increases efficiency and detector irradiance for a fixed pupil diameter. 

The divergence angle of the source primarily affects the uniformity of the illumination 

pattern on the retina. Varying the location of the focus along the illumination pathway 

shows the efficiency, detector irradiance and uniformity are optimal when the mirror is 

placed conjugate to the pupil of the eye. The results give insight in the optimal design of 

a fundus camera. 

 Examination of the two primary design forms presented in the literature, Figure 

2.1 internal illumination system and Figure 2.5 external illumination system, yields the 

questions: how do the design principles differ between the two design forms and which 

design form is more effective for retinal imaging. An in depth study in Appendix B 

provides insight to these questions.  
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 The imaging systems of Figures 2.1 and 2.5 utilize the same design principle. 

Both objectives are responsible for forming an intermediate image for the zoom lens 

system and relaying the image of the pupil of the eye to the holed mirror or iris. This 

statement is not obvious for the external illumination system. If this iris is not present the 

entrance pupil of the eye is not restricted and corneal back reflections can become a 

problem. Using the objective as a relay optic for the pupil of the eye requires the 

consideration of the pupil aberrations. If pupil aberrations are not corrected the chief rays 

at various field points will not intersect at the location of the hole in the mirror / iris 

resulting in vignetting. [26] The objective of the system utilizing internal illumination is 

often restricted to a single aspheric element to reduce the number of back reflections. A 

buried surface can be used for correction of chromatic aberration. [27] The objective of 

the external illumination system does not suffer from back reflections allowing for 

multiple spherical elements to be used and easier correction of chromatic aberrations. 

Despite the advantage of not suffering from back reflections and being able to use 

multiple elements there is a drawback. Using the beamsplitter to couple the illumination 

requires an increased working distance between the eye and the objective. Increasing the 

working distance increases the ray height at the objective making aberrations harder to 

control. [26-28] For fixed diameter optics, the internal illumination system is capable of a 

larger field of view. Design requirements for the zoom lens are simplistic allowing a two 

element design to be used. [27,29-31] An effective design for the zoom lens will be able 

to accommodate for refractive error of the general population. Neither fundus camera 

system shows a clear advantage in accommodating patient refractive error. 
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 Before beginning the design of either system it is important to know the 

parameters of the illumination source, the FOV of the imaging system and the diameter 

of the pupil of the eye being used for imaging. Knowing the FOV of the imaging system 

and the diameter of the imaging pupil of the eye will determine the image space NA 

necessary for full illumination of the retina. Failure to do this calculation may result in an 

annular illumination pattern present on the eye (see Appendix A for more details 

regarding this calculation). The image space NA of the illumination system and NA of 

the source can be used to find the system magnification necessary for illumination of the 

full FOV of the retina. 

 Designing the illumination system for each camera varies greatly in the degree of 

difficulty. The illumination system shown in Figure 2.5 is simplistic. The illumination 

system in Figure 2.1 is more complex. In effect, the mirror and the annulus serve the 

same function in the imaging system making the annulus seem repetitive. However, the 

annulus serves the purpose of stopping light from passing through the hole in the mirror 

and scattering from other system components, creating stray light issues. The position of 

the black dot is found by performing ghost analysis on the illumination system. Front and 

back surfaces of the objective are treated as mirrors and rays traced back through the 

illumination system. The black dot is placed at the focus of the back reflections. 

Dimensions of the annulus and mirror are determined by setting the desired pupil 

diameter of the eye for imaging and illumination and calculating the corresponding image 

height at the annulus. This same principle applies to the external illumination system. 

Finding the proper dimensions of the black dot requires modeling the entire system with 

the objective surfaces treated as mirrors. Rays are traced to determine if the ghost 
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reflections from the object will reach the detector. Adjusting the size of black dot will 

eliminate ghost reflections. Once the initial designs of the illumination systems are 

complete they should be fully modeled in a non sequential ray tracing program. 

Dimensions of annuli, the holed mirror, iris / baffle, and black dot should be adjusted to 

further minimize stray light and ghost reflections. Further description of the design 

process is discussed in Appendix B. 

Properly designed illumination systems for both types of camera prove to be 

effective; however, there are distinct differences. Moving the illumination system 

external to the imaging system and coupling the two with beamsplitter eliminates back 

reflections from the objective, yet significantly reduces the system efficiency and 

irradiance on the detector. Using an internal illumination system is more efficient, 

however back reflections from the objective become an issue. Including the black dot 

reduces back reflections, but creates a small drop in the irradiance profile on the retina. 

These issues are extensively addressed in Appendix B. 
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CHAPTER 3: NOVEL FUNDUS CAMERAS 

 

 The ability to gather information about the physical properties of retina in 

addition to an image is valuable in the treatment and diagnosis of disease. During the 

course of my research, I have been required to design fundus cameras that have the 

ability to gather extra information from a retinal image by the inclusion of a specific 

optical modality. Examples of these modalities and the specific information they can 

extract are: optical coherence tomography (OCT) for cross sectional imaging of retinal 

structure, computed tomography imaging spectrometer (CTIS) for measuring retinal 

blood oxygenation, and a Savart plate snapshot polarimeter for measuring the 

polarization properties of the retinal nerve fiber layer. 

 

Optical Coherence Tomography 

 

 Optical Coherence Tomography, OCT, is an optical imaging modality analogous 

to ultrasound. Using OCT high resolution cross sectional images of retinal structures can 

be obtained, Figure 3.1. OCT has shown great promise in the field of ophthalmology for 

the imaging, characterization, and diagnosis of retinal pathology. [32,33] Combining the 

ability of OCT to generate optical sections and the fundus camera’s ability to image the 

retina enables the location and optical sectioning of diseased or damaged portions of the 

retina. This combination of imaging modalities shows great potential for research, 

diagnosis, and monitoring of retinal pathology. 
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Figure 3.1: Structure of the retina imaged by optical coherence tomography (left).  

Histology and schematic of retinal structure (right). Note the orientation of the histology 

is inverted with respect to the OCT image. (R)NFL- (retinal) Nerve Fiber Layer, IPL- 

Inner Plexiform Layer, OPL- Outer Plexifrorm Layer,  ONL- Outer Nuclear Layer RPE- 

Retinal Pigment Epithelium [34,35] 

 

 In principle an OCT operates as a low coherence Michelson interferometer. A 

signal is returned when the optical path difference, OPD, between the sample and 

reference arms is within the coherence length of the source. As the source becomes less 

coherent the size the coherence length shrinks making the maximum OPD between 

reference and sample arms needed to return a signal smaller. In an OCT system this 

principle corresponds to the optical sectioning of tissues. Advancements in the field of 

OCT have led to the development of spectral domain OCT. Early OCT systems relied on 

the scanning of a reference mirror to provide optical sectioning. Spectral domain OCT 

uses a fixed reference mirror and a spectrometer in the output arm of the interferometer to 

detect the intensity spectrum of the interference fringes. Fourier transforming the 

intensity spectrum yields the depth information of the sample. A typical schematic for an 
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OCT used for retinal imaging is shown in Figure 3.2. A fiber coupler acts as a 

beamsplitter, the reference arm consists of a block of material for dispersion 

compensation in the sample arm. [36,37] The sample arm consists of a scanning system 

identical to Scanning Laser Ophthalmoscope, SLO. An afocal relay brings the scan 

mirror and the pupil of the eye conjugate. This prevents the pupil of the eye from clipping 

the beam as it is swept across the retina by the scan mirror. [38] 

 

 

Figure 3.2: Schematic for Spectral Domain Optical Coherence Tomography system used 

for imaging of the retina 

 

 Understanding the operation of a retinal scanning OCT is important when 

integrating OCT into a fundus camera. The reference arm, source, and spectrometer do 

not need to be included in the layout of an OCT fundus camera. The sample arm 

containing the scan optics must be integrated into the camera in such a manner that each 

independent system does not interfere with the function of the other. Different operating 

wavelengths for the OCT (~840nm) and the fundus camera (visible) allow systems to be 

coupled by using a cold mirror (IR filter). Scan optics can be integrated into the fundus 



 27

camera by using the objective as part of the afocal relay and placing an IR filter between 

the objective and holed mirror to act as a fold mirror, Figure 3.3. In this configuration the 

fixation target is used by both systems to capture different portions of the retina. 

Accommodation for refractive error can be accomplished in the OCT system by 

movement of the objective or the other lens in the afocal relay. An alternative approach is 

shown in Figure 3.4. The OCT scanning system uses the objective and first zoom lens as 

an afocal relay. An IR filter placed between the zoom lenses acts as a fold mirror for the 

scanning beam. To prevent vignetting of the scanning beam, the holed mirror is replaced 

by a beamsplitter. The annulus will prevent the central part of the beam splitter from 

being illuminated eliminating interference of the illumination system with the imaging 

system. These two design strategies can be used to effectively combine imaging 

modalities. 

 

 

Figure 3.3: Fundus camera with OCT capabilities 
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Figure 3.4: Alternative design for fundus Camera with OCT capabilities 

 

Computed Tomography Imaging Spectrometer 

 

 Computed Tomography Imaging Spectrometer, CTIS, is an imaging modality that 

allows for snapshot spectroscopy of a sample. Applications for CTIS include astronomy, 

remote sensing and biological imaging. [39-42] Recently, CTIS has been applied to 

retinal imaging for snapshot measurement of blood oxygenation levels in the eye. [40] 

Measuring blood oxygenation has great importance in the monitoring of eye health and 

can be used in emergency medicine as an assessment of trauma. [39,43,44] Current 

methods used for retinal oxygenation measurements are not snapshot allowing many 

factors in the eye to change or are highly invasive making it undesirable and/or 

impractical to use in clinical setting. [43,44] 

 CTIS uses the principle that in addition to spatial data images contain information 

based on wavelength. To obtain the information based on wavelength a diffractive 

element is used to separate an image into spectral components and imaging them all at 
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once. CTIS has two distinct advantages over conventional spectrometers. Snapshot 

imaging allows capturing spectroscopy data for dynamic events and the elimination of a 

scanning system allows for a more robust design. [40,41] The optical system layout of a 

CTIS system is shown in Figure 3.5. An objective lens focuses the intermediate image 

onto a field stop which limits the size of the zero order image on the focal plane array, 

FPA. A computer generated hologram, CGH, is placed in a collimated beam between two 

lenses responsible for relaying the field stop to the CCD or FPA. As collimated light 

passes through the CGH it is dispersed into its spectral components. The FPA images an 

array of spectrally dispersed images, Figure 3.6. Using image reconstruction algorithms 

an object cube with dimensions (x, y, λ) can be recovered and used for spectroscopic 

analysis. [39-41] 

  

 

Figure 3.5: Optical layout for a CTIS system 
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Figure 3.6: Example of a CTIS image 

 

 Applying CTIS to retinal imaging was originally accomplished by using a Carl 

Zeiss fundus camera for an objective. To reduce the size of the image formed by the 

fundus camera a 1/7.2x telescope was used. A field stop was located behind the telescope 

and 180mm focal length collimator and 50mm imaging lens were used. [39] This system 

is far longer than a conventional fundus camera and would be cumbersome in clinical 

settings due to multiple optical components that are not integrated into a single system. 

The design of a CTIS fundus camera can be accomplished in a manner similar to the 

method mentioned above. Figure 3.7 shows such a system. The FOV and magnification 

of the fundus camera can be adjusted to eliminate the need for a telescope to reduce 

image size. By simply eliminating the telescope the system length can be reduced 

significantly. One might think the system length could be further reduced if the field stop 
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is moved to the intermediate image formed by the objective lens. This idea is not 

plausible considering placement of the field stop at the objective would introduce 

significant vignetting to the illumination system. Another approach to this design 

problem is to make use of the external illumination design form shown in Figure 2.5. A 

design based on this concept is shown in Figure 3.8. Utilizing the external design form 

allows the field stop to be placed at the intermediate image formed by the objective lens 

reducing the length of the optical system. The position of the collimator lens can be used 

to compensate for the refractive error of the patient. Both fundus camera designs show an 

effective solution to incorporating CTIS capabilities. 

 

 

Figure 3.7: Fundus camera with integrated CTIS system 
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Figure 3.8: CTIS fundus camera utilizing external illumination system 

 

Savart Plate Snapshot Polarimeter 

 The retina of the eye exhibits properties that affect the polarization state of 

incident light. Knowledge of the eye’s polarization structure and utilization of 

polarization sensitive imaging can be useful in the diagnosis of certain retinal 

pathologies. The Stiles Crawford Effect describes the how rods and cones act as 

waveguides preserving the polarization of incident light. Consequently, light that is 

reflected by the rods and cones also maintains a degree of polarization. [13] Loss of rods 

and cones due to certain pathologies such retinal pigmentosis will result in depolarization 

of the incident light. It should also be mentioned that the normal healthy optic disc should 

exhibit a depolarized signal due to the lack of rods and cones. [1,45] The retinal nerve 

fiber layer, RNFL, shown in Figure 3.1, of the eye also contributes to the changing the 

state of polarization of incident light. The RNFL, analogous to the electrically wiring of 

the eye responsible for relaying the visual signal from the photoreceptors to the brain, is 

composed of many fiber orientated in the same direction, radialy outward from the optic 



 33

disc. As light passes through the RNFL, the electric field parallel to the fiber is retarded 

differently than the electric field perpendicular to the fibers make the fibers as 

birefringent material. [46,47] Using polarimetry techniques the birefringence of RFNL, 

which is proportional to its thickness, can be assessed. Research has shown there is well 

defined relationship between defects and thinning of RNFL and vision loss due to the 

progression of certain retinal pathologies such as glaucoma. [48-51] The cornea also has 

a well ordered fiber structure that results in material birefringence. When imaging the 

birefringence of the RNFL it is important to consider the effects of corneal birefringence. 

Polarization sensitive imaging modalities employ methods of altering the polarized light 

entering and exiting the eye to compensate for the birefringence induced by the cornea. 

Typically a linear polarizer and variable birefringent cell (such as a liquid crystal) are 

adjusted to compensate for the effects of corneal birefringence. [52-55] Polarization 

sensitive imaging of the retina is proving to be valuable considering certain retinal 

pathologies alter the polarization structure the eye. 

 Current polarization sensitive imaging modalities such as: OCT and  Scanning 

laser ophthalmoscope (SLO), have proven useful in the imaging and identification of 

glaucoma by scanning the RFNL to measure its birefringence. These two modalities 

utilize scanning laser ellispometry to detect changes in the polarization of a laser beam 

that is scanned across the retina. A series of images across a small FOV covering the 

optic disc are acquired to construct a map of the RNFL birefringence. Figure 3.9 shows a 

typical RNFL birefringence map associated with SLO and OCT.  Studies have shown that 

peripheral vision loss, glaucoma and optical disc, and other retinal defects can be 

monitored effectively by these imaging modalities. [3,46,47,56-60]  
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Figure 3.9: Image of the retina (left) and a typical birefringence pattern exhibited by the 

retina (right) [61] 

 

The development of snapshot polarization imaging, demonstrated by Luo and Oka 

[61-63], shows potential in the realm of biological and medical imaging, specifically 

ophthalmology. A snapshot imaging polarimeter offers advantages over a scanning 

system such as wider FOV, reduced acquisition time, higher resolution, a more robust 

optical system due to the elimination of scanning components, polarization measurement 

from a single image and the ability to be used with a conventional fundus camera. 

Integration of a snapshot polarimeter into a fundus camera could prove to be an effective 

means to imaging the RNFL. 

 A Savart plate snapshot polarimeter consists of a series of birefringent crystals 

placed in a collimated beam between two lenses responsible for imaging the sample onto 

a CCD. This polarimeter operates in a similar manner to a lateral shearing interferometer. 

An incoming beam of light is sheared into four components proportional to its Stokes 

polarization vectors. These four components create interferences fringes that result in a 

spatially modulated image. The spatial modulation of the image is described by equation 

3-1. 
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In these equations I(x,y) is the spatially modulated image irradiance, S0, S1, S2 and S3 are 

Stokes vectors representing depolarized, linearly polarized oriented at 0o, linearly 

polarized oriented at 45o degrees, and circularly polarized states, ∆ is the shear distance 

of the crystal which proportional to the crystal thickness, Ω is the frequency of the spatial 

modulation, λ is the wavelength, and f2 is focal length of the back lens. The Stokes 

vectors of the image can be recovered by taking the Fourier transform of I(x,y), and 

filtering the individual channels which are separated proportional to the modulation 

frequency, Ω. [61-63] Figure 3.10 depicts this process for the image of a plastic linear 

polarizing sheet. Decomposition of the image into Stokes vector images shows the 

appearance of the polarizing sheet in all channels. The appearance of the sheet in S3 is 

due to the stress induced birefringence from the sheet being forced into a curved shape. 
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Figure 3.10: A polariod sheet is imaged using a snapshot polarimeter and processed to 

recover the Stokes vector images. 

 

 Inclusion of the Savart plates requires the fundus camera to be designed according 

to some careful considerations. Like any interferometer, the contrast of the fringes in the 

snapshot polarimeter is affected by the coherence of the source. The optical path 

difference, OPD, (shearing of the image) induced by the Savart plates for a given half 

FOV, θ, given by equation (3-4) must be smaller than the coherence length of the source 
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to ensure good fringe contrast. A relation between the parameters of the Savart plates and 

the coherence length of the source is given by equation (3-5): 

θsin2∆=OPD        (3-4) 
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= λ
λ
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22

       (3-5) 

where h is the size of the CCD detector and ∆λ is the bandwidth of the source. Given ∆ 

for the Savart plates, parameters Ω, h, f2, λ and ∆λ can be selected to meet the criteria 

given by equation (3-5). [61-63] 

  Figure 3.11 shows the schematic of a fundus camera designed to include Savart 

plates. A filter is placed in the illumination path to limit the bandwidth of the system. 

Polarization optics are also placed in the illumination system to control the polarization 

of the light entering the eye as done by current polarization sensitive scanning systems. 

[3,48-51,56] The Savart plates are placed in a collimated beam between the zoom lenses. 

The first zoom lens is used to collimate the intermediate image of the retina. The position 

of the first zoom lens can be adjusted to compensate for the refractive error of the patient.  

 

 

Figure 3.11: Snapshot polarimeter fundus camera 
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A Snapshot Polarimeter Fundus Camera, SPFC, was constructed as part of my 

dissertation work. Figure 3.12 shows a healthy retina. Modulation fringes are present on 

the image indicating the presence of a polarization signal. Figure 3.13 shows the Stokes 

vector images of the retina in Figure 3.12. Part of the birefringent structure of the RNFL 

shown in Figure 3.9 can be seen in the S1, S2, and S3 images. A degree of polarization 

image is calculated using the Stokes vector image and shown in Figure 3.14. Considering 

this retina is health we would expect to see a depolarized signal from the optic disc and 

polarization signal that is somewhat bowtie shaped above and below the optic disc. 

Evidence of these retinal polarization structures in the Stokes vector images and degree 

of polarization image demonstrate the ability of a snapshot polarimeter to be used for 

retinal imaging. Appendix C contains the results of a preliminary study conducted with 

the SPFC to demonstrate its ability to show the differences in the polarization structure of 

healthy and diseased retinas.  
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Figure 3.12: Savart polarimeter image of healthy retina 

 

 

Figure 3.13: Stokes vector images of healthy retina 
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Figure 3.14: Degree of polarization image for healthy retina 

 

Further studies determining its ability to be used as an effective tool for the 

diagnosis of retina disease need to be conducted. To demonstrate the ability of the SPFC 

to differentiate between health and diseased retinas a specific disease in which 

polarization structure altered should be selected. Glaucoma is an excellent choice 

considering the RNFL thins as the disease progresses resulting in a reduced polarization 

signal. [3,47,56,57] Also glaucoma is an excellent choice considering it is the leading 

cause of blindness and there is large sample population to test from. [64] A clinical study 

should be conducted by imaging patients with out any retinal pathology to determine a 

baseline for the polarization structure of the retina in average healthy individual. Next 

patients diagnosed with different stages glaucoma will be imaged to determine how the 

progression of glaucoma changes the polarization structure of the retina. Images can then 

be presented to doctors allowing them to determine how to effectively differentiate 

between the SPFC images of healthy and diseased retinas. Once a set of criteria for 
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differentiating disease and retinas is determined, a large population of patients varying 

from healthy to advanced glaucoma will be imaged using the SPFC. Patients will undergo 

the current test methods for glaucoma to determine if the patient has the disease and the 

degree of progression. A set of doctors trained at diagnosing glaucoma SPFC images who 

did not conduct these test will be asked determine the status of the patient using only the 

SPFC images. The data from this study will be used to determine the sensitivity and 

specificity of using SPFC images for the glaucoma detection. During this study patient 

retinas should be imaged with existing scanning laser polarimetry systems. Scanning 

laser images can be compared to SPFC images and correlations between images and 

diagnostic information can be made. By conducting these tests the effectiveness of the 

SPFC in diagnostic medicine will be determined. 
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Abstract 

A fundus camera is a complex optical system for imaging the retina of the eye. Designing 

a fundus camera requires the combination of an imaging system and an illumination 

system to share common optics. This combination of systems results in the need to find 

an optimal balance between imaging and illuminating the retina. We present a series of 
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parameters and methods used to optimize the illumination system of a fundus camera 

while maintaining excellent image quality. 

Key Words: Medical Optics Instrumentation, Optical Design of Instruments  

OSCI codes: 120.3899, 120.4570  

Background 

The modern fundus camera is an adaptation of a reflex free indirect ophthalmoscope 

designed in the early 1900’s. The principle of reflex free indirect ophthalmoscopy 

requires the illumination and imaging pathways pass through different portions of the 

optics of the eye to avoid back reflections. [1] Further development of this principle has 

evolved into a complex optical system for retinal imaging called a fundus camera. This 

particular device presents a unique set of design challenges considering the retina of the 

eye must be illuminated and imaged simultaneously. The most common solution to this 

design challenge is to design two separate systems sharing common optics. One system is 

used for illumination and the other system is used for imaging. A schematic of such a 

device from the patent literature is provided in figure 1. [2] This particular design was 

chosen primarily because the basic optical layout is similar to the system provided by 

Knoll in 1969 and other patents dated from 2002-2006. [2, 4-6] Despite being in exist for 

at least 40 years the basic design of the fundus camera has changed little showing the 

effectiveness of this particular design. 

Analysis of a typical fundus camera, shown in figure 1, gives insight into to the design 

principles involved in this device. The imaging system is composed of three lenses 

labeled 20, 24 and 25, and mirror with a central hole, 21. Lens 20, the objective, forms an 

intermediate image of the retina and lenses 24 and 25 relay the intermediate image to 
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camera, labeled 27 for snapshot imaging. Translation of lens 24 allows the fundus camera 

to compensate for the defocus present in the patients eye. In the imaging path the mirror 

with the central hole simply acts as an aperture placed conjugate to the pupil. The size of 

the central hole limits the size of the pupil that the eye can be imaged through, imaging 

pupil diameter, effectively limiting the entrance pupil diameter of the imaging system. 

Components 30-32 are used for continuous observation of the retina by an infrared 

imaging camera. [2,3] 

The illumination system is more complex. As shown in figure 1 the illumination and 

imaging systems share the objective and the eye. When a configuration like this is used 

back reflections from the common optics can be a considerable problem to resolving the 

image. Despite using excellent AR coatings back reflections from the common optics can 

be significantly greater than the light reflected by the retina. [7-9] In order to overcome 

back reflections creative schemes must be implemented in the design of an illumination 

system. [1] 

In this particular camera there are two sources 10 and 13. These sources serve different 

purposes, a flash source, 13, for snapshot retinal imaging and an incandescent source, 10, 

for continuous observation. Despite having different purposes each illumination path uses 

the same principles. The sources are conjugate to an annular aperture, 16. Lens 17a and 

17b relay the image of the annulus to a mirror with a hole in the center, 21. This central 

hole in the mirror is conjugate to the plane of the pupil of the eye. This central hole 

controls the size of the un-illuminated portion of the pupil of eye. The entire system of 

optics relays the source to the pupil of the eye. [2,3,6] 
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As previously mentioned eliminating back reflections is of key importance in the design 

of a fundus camera. Back reflections from the cornea are eliminated with careful 

placement of the annular aperture, the holed mirror and iris, 22 in the system. The holed 

mirror is critical in the coupling of the imaging and illumination paths and managing 

system back reflections. This component allows the outer edges of the pupil to be 

illuminated, hence illuminating the retina, and leaving the center of pupil un-illuminated 

for the purpose of imaging the retina while minimizing corneal back reflections. The 

annular aperture blocks stray light from the illumination system that could pass through 

the hole in the center of the mirror and cause difficultly in resolving the image. The iris 

blocks any remaining cornea back reflections located at the edges of the image. 

Eliminating back reflections from the objective is accomplished by use of a black dot, 19. 

The black dot is placed conjugate to the front surface of the objective. Light that would 

be back reflected from the front surface of the objective is absorbed by the black dot. 

[2,3,6] 

The design objectives of the illumination system of the fundus camera are to eliminate 

back reflections from the cornea and maximize the irradiance on the retina and the 

detector or camera while maintaining complete illumination across the portion of the 

retina being imaged. Completing a successful design requires understanding the trade-

offs that come with the three criteria listed. The goal of our paper is to explore trade-offs 

involved in design of the illumination system of a fundus camera. These trade-offs 

include: resolution, detector irradiance, efficiency and uniformity. Existing literature only 

gives schematics that do not include enough information to recreate a working system. 

This leaves the engineer to determine which parameters are optimal for the task of retinal 
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imaging and illumination and how changing these parameters affect the performance of 

the system. Our study is presented to better understand a few of the parameter involved 

fundus camera design. 

 

Methods 

A model of a simplified fundus camera was constructed using the sequential and non-

sequential capabilities of ZEMAX. The simplified system, table 1, consists of the optics 

common to the illumination and imaging system, the eye, E, an objective, 21, and a holed 

mirror, 21, see figure 2. In this configuration the holed mirror is conjugate to the physical 

pupil of the eye model. Considering the source is conjugate to the holed mirror, the 

mirror, 21, itself was modeled as an annulus of point emitters. In the center of the annulus 

a detector was placed to measure the light reflected by the retina and/or cornea. To 

minimize aberrations an aspheric objective, 21, is used. For the purpose of this study, 

back reflections from the objective were not considered. Our previous models of an entire 

fundus camera have shown that the black dot and annular aperture in the preceding 

illumination optics eliminate back reflections from the objective. [10] These results are 

consistent with the claims made by patent literature. [2,6] The sequential and non-

sequential eye models are based on the Escudero & Navarro eye model. [11] Depending 

on the purpose of the simulation being preformed, the retina of the eye was modeled 

either as an absorbing media or a scattering media with Lambertian properties consistent 

with the literature. [7,8] The pupil was set to a maximum diameter of 7.5mm to simulate 

the eye being dilated. [9] Using this configuration, a series of simulations were conducted 

to determine the optimal configuration for retinal illumination and imaging. 
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A series of parameters must be defined to understand the optimization process. The first 

parameter is the illumination ratio, IR, defined as 

 
i

L

R

R
IR = , (1) 

 where RL is the inner radius of the illumination annulus and Ri is the radius of the 

imaging pupil, see figure 3. This parameter is useful for quantifying the difference 

between RL and Ri necessary to eliminate corneal back reflections. Note that Ri is fixed by 

the size of the hole in the mirror and or iris behind the mirror. The second parameter is 

the normalized detector irradiance, NDI, defined as  
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d
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Φ

Φ
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where Φd is the power on the detector, Ad is the area of the detector and Φs is the power 

emitted by the source. The irradiance ratio gives a measure of how effectively light from 

the source is being transferred to the retina and back to the individual pixels of the 

imaging detector. Next, efficiency is defined as  

 %100*
s

d

Φ

Φ
=η   (3) 

Efficiency, η, measures how efficiently light emitted by the source is transferred to the 

detector. Finally, uniformity, U, is used to measure the how power distribution on the 

retina deviated from a uniform distribution. Uniformity is defined as 1 minus the percent 

difference between the power at 85% of the radius of the illuminated area, Φ85%, to the 

power at the center of the illuminated area, Φcenter. Mathematically U can be expressed. 
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Φ

Φ−Φ
−= centerU  (4)  



 55

Before characterizing the illumination parameters it is necessary to determine the effect 

of imaging pupil size on retinal image quality. This is determined by measuring the rms 

wavefront error as a function of pupil size. From this data a Strehl ratio can be computed 

as a metric for image quality. [12] 

To determine the optimal configuration for retinal imaging and illumination a series of 

simulations are conducted. First, it is important to measure the illumination ratio for a 

given configuration. This is a critical step considering it is necessary to find the proper 

illumination ratio that removes cornea back reflections from the detector. Any corneal 

back reflections, which can be as much as 2% of the incident power, are significantly 

greater than the power reflected from the retina. (Based on Fresnel reflection calculation 

between refractive indices cornea and air. ) [7,8] To isolate back reflections from the 

cornea the retina is set as a perfect absorbing material. Then the illumination ratio is 

determined by setting the size of the detector (size of the hole in the mirror, 21, in a full 

system), corresponding to the conjugate imaging pupil diameter Ri, and varying size of 

the inner radius of the source annulus (size of the inner radius of the annular illumination 

pattern on the mirror), corresponding to the conjugate inner radius of the illumination 

annulus, RL, until the power on the detector is zero. The effects of the working f-number, 

WF#, of the objective lens and divergence angle of the source on the illumination are 

then characterized.  

An important aspect to illuminating the retina for imaging is to provide a relatively 

uniform distribution. If this is not accomplished retinal images are likely to have dark 

regions where information cannot be gathered. When designing the illumination optics 

that relay the source to the holed mirror it is important to consider the numerical aperture, 
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NA, of the beam incident to the holed mirror. In our case the incident NA is modeled as 

the source angle at each point.  

After determining the illumination ratio necessary to null corneal back reflections the 

retina surface property is changed to a scattering material with characteristics from the 

literature. [7,8] A series of simulations are conducted to determine the amount of power 

transferred from the source to the detector. In these simulations, the WF# of the system 

and corresponding illumination ratio are varied and the source angle remains constant. 

From this data the efficiency and normalized detector irradiance are determined. 

To determine the effects of the working distance on retina illumination the pupil of eye is 

moved from the focus of the objective by varying the working distance between the eye 

the objective, figure 4. WF#, source angle and source distance remains fixed. The 

illumination ratio, efficiency, uniformity and normalized detector irradiance are then 

determined for each defocused position. 

As a final experiment the eye model is changed to decentered eye model proposed by 

Liou and Brennan. [14] The decentered eye model is tilted to align the visual axis along 

the optical axis of the system. Previously preformed experiments are repeated and 

compared to data from the decentered eye model.  

Results 

Imaging Pupil Diameter 

Ideally a fundus camera should provide maximum irradiance on the retina and excellent 

image quality. From a purely radiometric standpoint, as the size of the imaging pupil 

increases the amount of light that can be collected by the objective increases, and the 

amount of light entering the eye decreases. Based solely on these considerations the 
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geometry of the situation states the power reflected from the retina is maximized when 

the area of the illuminating annulus and the area of the imaging pupil are the same. For a 

7.5-mm pupil this results in an approximately 5.2-mm imaging diameter, while the outer 

annulus is used for illumination. [15] This simple analysis, however, does not take into 

account the effects of pupil size on imaging quality. The Strehl ratio for various pupil 

diameters is calculated at 633nm using the definition,  

 )exp( 2σ−=s   (5) 

where is σ rms wavefront error. [12] According to our to the eye models a Strehl ratio of 

greater than 80% is maintained for an imaging pupil diameter smaller than 2mm 

(Escudero & Navarro) 3.5mm (Liou Brennan), figure 5, the Strehl ratio deteriorates 

rapidly for larger pupil sizes. [12] Similar results have been shown in previous 

experiments in which the MTF of the eye is measured for different pupil sizes. [16,17] It 

should be noted the Liou Brennan model has notably different levels of spherical 

aberration than most other eye models and underestimates the dispersion of the ocular 

media these differences potentially affect the outcomes of this analysis. [18-20]. 

Consequently, the optimal pupil size may be different than what is suggested by this 

model. A more recent decentered anatomically accurate eye model shows a Strehl ratio of 

80% or greater is maintained for pupil sizes smaller than 1.5mm and drops more rapidly 

for larger pupil sizes than other eye models used. [21] This exercise demonstrates it is 

ideal to image the retina at a smaller imaging pupil diameter to reduce the effects of 

ocular aberrations on image quality of the system.  

Source Angle 
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When beginning the design of the illumination system of a fundus camera the 

characteristics of the source and optics relaying the source to the holed mirror must be 

considered. The relay optics, responsible for imaging the source onto the mirror, must be 

designed to meet a minimum image space NA. By meeting this minimum NA the light 

incident the mirror will be distributed over the entire retinal field of view, FOV, of the 

imaging system. Failure to meet the minimum NA will result in an annular illumination 

pattern on the retina which is unacceptable see figure 6b. A calculation based on the 

illumination ratio can be used to determine the minimum angle, α, for complete 

illumination of the retina, see figure 7. If a cross section of the eye is considered, then the 

objective lens focuses light from the source to a point on the pupil. The angular subtense 

of the convergent beam is β. Through refraction at the various surfaces of the eye, the 

angular subtense of the beam is compressed to α. To achieve uniform illumination on the 

retina, α must cover from the center of the retina to the edge of the FOV. A smaller angle 

α will fail to illuminate the central retina. Based on the knowledge of the eye model the 

required β can be calculated from α and consequently, the parameters of the objective 

lens defined.  Knowing the angular flux distribution of the source, α can be adjusted 

accordingly to ensure an acceptable degree of complete illumination. 

In our simulations using the centered eye model, lens diameter (WF#) and source angle 

(image space NA) are varied to determine their effects on the uniformity of the retinal 

illumination pattern. To simplify our simulations we used Gaussian and uniform angular 

source distributions. Leaving the source angle (divergence angle of the source), constant 

and varying the WF# we found little effect on the uniformity retinal illumination pattern. 

However, leaving the WF# constant and varying the source angle has a significant impact 
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on the uniformity. Both source distributions show decreasing the source angle yields a 

decrease in uniformity and an annular illumination distribution. These effects are shown 

in figures 6a and b. Percent of aperture filled is calculated by: 
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Where P is the percentage of the lens aperture filled, d is the source distance, θ is the 

source angle and DL is the diameter of the objective, see figure 4. 

 Differences between source distributions become more pronounced at larger angles due 

to vignetting effects. A uniform source distribution shows a more significant drop in 

illumination around the edges of the illumination pattern as the source angle increases 

when compared to a Gaussian source distribution. The only notable difference as result of 

using a decentered eye model is the presence of vignetting at the edge of the of the 

positive x axis.  Due the pupil of the eye being decentered along x axis with respect to the 

illumination annulus some of the along the light is clipped by misalignment. This is effect 

is further demonstrated in figure 8. The general trend of uniformity changing with source 

angle is still apparent. However, there is a roughly a 20% drop in power distribution at 

the edge of the x axis of the illumination profile due to the decentering of the pupil from 

the visual axis by roughly 0.5mm. [14] More recent eye model incorporate a smaller 

decentration value (~0.3mm) resulting in smaller drop in power at the edge of the 

illumination profile. [21] Though the difference in the profile may seem significant the 

percentage of total power lost is minimal leaving little impact on the other illumination 

parameters. A situation in which the illumination annulus is vignetted due to the 
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decentration of the pupil of the eye is unlikely considering the clinician who is taking the 

retinal image is likely to align the illumination annulus concentric to the pupil of the eye. 

If this is the case, the vignetting effects due the decentration of the pupil of the eye 

disappear leaving the illumination profile undisturbed. 

Illumination Ratio 

Determining the proper illumination ratio is one of the first steps in the design process. In 

an unaberrated optical system the IR equals 1 because the spot size on the pupil of the eye 

is small. This will allow the illumination annulus to equal the imaging pupil radius 

without the need for a buffer to eliminate back reflections. In an aberrated system the spot 

size increases and RL must increase to eliminate back reflections because Ri is fixed by 

the diameter of the hole in the mirror or iris behind the mirror. For a fixed WF# and 

source angle it is clear that an increased illumination ratio results in decreased efficiency. 

From our results using the centered eye model, shown in figure 7, we see that due to the 

optical aberrations induced by the objective, the spot size on the pupil enlarges resulting 

in an increased illumination ratio. Figure 9 shows the presence of corneal back reflections 

on the detector as a function of illumination ratio for a WF#1 system. Figure 10 

demonstrates the effects of WF# and imaging pupil diameter on the illumination ratio. 

Increasing WF# results in a decreased illumination ratio. These results are expected 

considering the spot size at the pupil plane of the eye is a function of the F# of the 

objective. [12] Results also show that increasing the imaging pupil diameter decreases the 

illumination ratio. The illumination ratio is unaffected by the by difference in eye models 

considering the radius and conic value for the front surface of the cornea vary little 

between eye model.  
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Efficiency and Normalized Detector Irradiance 

Efficiency and normalized detector irradiance are important metrics in determining the 

performance of an illumination system. Ideally we want a system that is highly efficient 

with maximum detector irradiance. Figures 11a and b show the relationships between 

WF#, pupil diameter, normalized detector irradiance and efficiency for a fixed source 

angle filling the aperture. As expected the maximum efficiency for each configuration is 

around a 5.2-mm pupil diameter consistent with our previous findings. [15] In contrast, 

we see that detector irradiance decreases as a function of increased pupil diameter and 

decreased WF#. An 80% Strehl ratio and WF# consideration showed minimal changes 

for pupil diameters up to 2mm. Taking these results into account we conclude there is 

minimal benefit to increasing the imaging pupil diameter beyond 2mm. The results from 

the decentered eye models showed slightly lower values due to the vignetting of the 

illumination annulus but followed the same trends in figure 11. 

Pupil Defocus 

For the previous simulations the focus of the objective is fixed at the pupil of the eye. In 

this series of simulations the pupil of the eye is moved away from the focus of the 

objective to determine the effects of relocating the focus of the illumination annulus. The 

source distance, source angle and WF# of the system are fixed for this series of 

experiments. In our simulations moving the focus inside the eye is regarded as a negative 

and moving the focus outside the eye is regarded as positive. For each defocused 

position, efficiency, NDI, illumination ratio and uniformity are measured. Figures 12a 

and b show the illumination ratio and NDI as a function of pupil position. The 

illumination ratio appears to increase quadratically with pupil distance from focus. This 
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outcome is expected because spot size increases quadratically with displacement from 

focus. [12] NDI increases as the focus is brought inside the eye. Interestingly, the optimal 

position appears to be between the principal planes and nodal points of the eye. [9] An 

efficiency vs. pupil position plot, not shown, shows the same results as the NDI plot. 

Results using decentered model did not deviate significantly from the centered eye 

model. 

Results from the efficiency and NDI vs. pupil position mean that moving the illumination 

annulus into the eye will improve performance. However, when the uniformity vs. pupil 

position is examined we find this not necessarily true. Figures 13a and 13b show the 

uniformity of the illumination pattern decreases as the focus is moved inside the eye. To 

find the optimal position it is necessary to determine the acceptable level of uniformity. 

Based on our results we conclude an optimal focal position is between the pupil and 1mm 

inside the pupil. For practical purposes it should also be noted that this particular 

parameter is adjusted in the clinic and most likely varies between patients since it is 

highly dependent on shapes of the various parts of the eye.  

Conclusion 

Analysis of our results can be used to derive general principles useful for implementing 

the design of the fundus camera. Examination of the Strehl ratio and normalized detector 

irradiance vs. imaging pupil diameter demonstrate the need to limit the imaging pupil 

diameter to 2mm or less. This is due to the decrease in both image quality and detector 

irradiance. The illumination ratio should be determined in order to null corneal back 

reflections that overpower the signal from the retina on the detector. The illumination 

ratio of the system is controlled by reducing the aberrations induced by the objective. For 
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this reason, it is important to consider the image quality of the objective in image and 

object space. Ideally when designing a fundus camera it is ideal to keep the illumination 

ratio as small as possible. This will increase efficiency and NDI.  Uniform illumination of 

the retina is determined by the properties of the source used to illuminate the retina and 

the relay optics used to image the source onto the mirror with the central hole. This 

information must be used to find the NA of the relay optics necessary for the desired 

degree of uniformity. To ensure a full coverage over the entire FOV of the imaged retina 

it is important to use a source with a large angular divergence to prevent an annular 

illumination pattern shown in figure 6b. Finally, it is important to consider the location of 

the focus of the objective relative to the pupil. Based on our simulation we suggest 

placing the focus of the objective at or slightly inside the pupil of the eye to the optimize 

illumination parameters. 
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Figure Captions 

Figure 1. Design schematic of a fundus camera from a patent filed in 2003. [2] Imaging 

path is shown with solid rays. Illumination path is shown with dashed rays. Annular 

illumination pattern is created at iris of the eye by the center of the illumination path 

using an annulus, 16, and mirror with a central hole, 21, located at conjugate planes of the 

iris. A plate with a black dot, 19, is placed conjugate to the objective, 20, to remove back 

reflections from the objective. 

Figure 2. Simplified retinal illumination system consisting of a model eye, objective, and 

holed mirror. The holed mirror, 21, reflects the image of source object.  

Figure 3. Illumination annulus and imaging pupil located at the pupil of the eye. Ri 

designates the radius of the imaging pupil. RL designates the inside radius of the annular 

illumination pattern at the pupil. The white annulus between RL and Ri is space need 

between parameters to prevent corneal back reflections. 

Figure 4. Simplified fundus camera with the pupil of the eye displaced from the 

objective focal point. 

Figure 5. Strehl ratio of the eye as a function of pupil diameter. 

Figure 6. The effects of source angle on retinal illumination for an WF#1 system (a) 

uniformity vs. Percent of aperture filled and (b) illumination patterns on the retina for 

different sources angles. For (b) the top left plot corresponds to 100% of the aperture 

filled while the bottom right plot corresponds to 8% of the aperture filled. Intermediate 

plots range between 8% to 100% of the objective’s aperture filled. 
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Figure 7.  Diagram showing the minimum angle, α, of illuminating optics necessary for 

full illumination of the retina. RL is the inner radius of the illumination annulus and β is 

the angle subtended by the illumination path focused on the pupil of the eye.  

Figure 8. (a) Illumination annulus at the decentered pupil (b) & (c) Profile of 

illumination distribution on the retina for various sources angles using a Gaussian angular 

source. Power and x axis are normalized for comparison of eye models. Percentages refer 

to the percentage of the objective aperture filled (b) Escudero & Navarro eye model (c) 

decentered eye model 

Figure 9. Illumination pattern on the detector as a result of corneal back reflections for a 

WF#1 with a 2-mm imaging pupil at the following illumination ratios (a) 1.0, (b) 1.2 and 

(c) 1.4. Higher IR to eliminate back reflections results in lower efficiency. 

Figure 10. Illumination ratio vs pupil diameter for different WF# systems. 

Figure 11. (a) Efficiency vs. pupil diameter for varying WF#s and (b) Normalized 

detector irradiance vs. pupil diameter for varying WF#s. 

Figure 12. (a) Illumination vs. pupil position for an WF#1 system and (b) Normalized 

detector irradiance vs. pupil position for an WF#1. 

Figure 13. Effects of moving the pupil from the objective focus on retinal illumination 

uniformity (a) plot of uniformity vs. pupil position and (b) Illumination patterns at the 

retina top left corresponds to objective focus 5mm behind the pupil bottom right 

corresponds to objective focus at the pupil. Intermediate images are taken at 1mm 

intervals between 5 and 0mm behind the pupil. 
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Table Captions 

Table 1. Simplified camera prescription
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Fig 1 (from patent literature [2]) 
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Fig 2 
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Fig 3 
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Fig 4 
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Fig 5 



 74

  (a) 

 (b) 
Fig 6 
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Fig 7 
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Fig 8a)
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c) 
Fig 8 
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Fig 9 
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Fig 10 
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Fig 11 



 81

(a) 

(b) 
Fig 12 
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 (b) 
Fig 13 
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Table 1 
 Radius (mm) Conic Thickness (mm) Glass 

Working distance 0 0 25  
Objective 29.1 -2.2 10 n-sk16 

Source distance -29.1 -2.2 124.5  
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Abstract 

Retinal photography requires the use of a complex optical system, called a fundus 

camera, capable of illuminating and imaging the retina simultaneously. The patent 

literature shows two design forms, but does not provide the specifics necessary for a 

thorough analysis of the designs to be performed. We have constructed our own designs 

based on the patent literature in optical design software and compared them for 
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illumination efficiency, image quality, ability to accommodate for patient refractive error 

and manufacturing tolerances, a comparison lacking in the existing literature. 

Key Words: Medical Optics Instrumentation, Optical Design of Instruments 

OSCI codes: 120.3899, 120.4570 
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Background 

A fundus camera is a complex optical system used for imaging the retina of the eye. 

Retinal imaging presents a unique difficulty considering that the retina must be 

illuminated and imaged simultaneously, a process which forces illumination and imaging 

systems to share a common optical path. [1-3] Because the retina is a minimally 

reflective surface, the power of  the back reflections from the shared optics of the 

illumination and imaging paths is greater than the power reflected by the retina. [4-6] 

Examination of the patent literature shows two dominate design forms used to overcome 

these challenges. [1,2] What is missing from the literature is an evaluation of which 

system performs better at retinal imaging in terms of optical imaging and illumination 

performance criteria. While patent literature shows these design forms, these patents lack 

specification for the optical layout including: lens powers, spacings and conjugate planes. 

Consequently, performing illumination and imaging analysis on these designs impossible. 

We have designed systems based on the schematics in the patent literature and carried out 

a thorough analysis to better understanding the engineering aspects of fundus cameras.  

The authors’ designs in Figure 1a and b are adapted for the schematics in the patent 

literature. Analysis of these systems shows the general principles involved in designing 

fundus cameras. A source (elements 11a & 12b) is imaged onto the pupil of the eye 

allowing the retina to be illuminated. Corneal back reflections are eliminated by placing a 

central obscuration in the illumination system conjugate to the pupil of the eye (elements 

9a & 10b). Placement of this component results in an annular illumination pattern at the 

pupil of the eye. The imaging system consists of an objective lens and a simple zoom lens 

(elements 3a, 5a, 6a, 2b, 4b & 5b). The objective lens forms an intermediate image of the 
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retina in front of the zoom lens, which re-images the retina onto the camera (elements 7a 

& 6b) while accommodating for the patient’s refractive error. [1-3] 

The two cameras presented in Figure 1 differ only in their implementation of the design 

principles. The fundus camera with the external illumination design in Figure 1a uses a 

beamspiltter (element 2a) placed in front of the eye (element 1a) to combine the 

illumination and imaging systems. A source is imaged onto the pupil of the eye by lenses 

8a and 10a. An annulus, 9a, is placed between the lenses and positioned conjugate to the 

pupil of the eye. [2] The second design form in Figure 1b, an internal illumination design, 

uses a mirror with a central hole, element 3b, placed conjugate to the pupil of eye in order 

to combine the illumination and imaging systems. The illumination and imaging path 

sharing the objective, element 2b, requires a more complicated system to eliminate back 

reflections. The source, 12b, is re-imaged to the mirror by lenses 7b, 9b and 11b. Back 

reflections from the front and back surfaces of the objective are removed by a black dot, 

element 8b, and placed conjugate to the back surface of the objective. [1,3] The internal 

system uses a single aspheric objective in order to reduce the number of surfaces 

contributing to the back reflections, whereas the objective in the external system can 

consist of multiple elements because it is not part of the illumination pathway and will 

not contribute to back reflections. The only difference in the imaging path of both 

systems is the existence of a baffle, 4a. This baffle, placed conjugate to the pupil of the 

eye, helps reduce corneal back reflections and limits the entrance pupil diameter of the 

imaging system. In the internal system, the mirror with the central hole serves the same 

purpose as the baffle in the external system. An iris can be placed immediately behind the 

mirror with the central hole to allow for further control of the entrance pupil diameter and 
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for elimination of back reflections. Both systems provide different solutions to the unique 

problem of imaging the retina. 

Despite the fundus camera being in existence for more than 50 years, little has changed in 

its design, and there is minimal information outside the patent literature about the design 

criteria used to evaluate its performance. Our goals are to recreate and model the two 

primary designs, external and internal illumination, found in the patent literature and to 

evaluate these models for image quality, defocus accommodation, illumination efficiency 

and manufacturability. 

Methods 

System Specifications 

The two fundus cameras discussed in the previous section are modeled and tested using 

sequential and non-sequential ray tracing in Zemax. Camera systems are designed to have 

the same design specifications. Imaging systems are designed to the meet the following 

criteria: field of view 30deg, F/# 5.7, and image plane size of a ½ CCD camera 4.8 x 

6.4mm. Each imaging system is required to be able to accommodate across 95% of the 

population of refractive error, -8D to 5D. [7, 8] Design wavelengths 500nm, 587.5nm and 

656.3nm are selected and weighted by the spectral reflectance of the retina resulting in 

the 656.3nm wavelength being weighted 6 times higher than the 500nm. [4-6] To limit 

the aberrations of the eye and maximize irradiance on the CCD, the entrance pupil 

diameter of the eye is limited to 2mm. [6, 9] Imaging systems are designed to have a 

polychromatic MTF value of 0.4 at 50 lp/mm, allowing for the resolution of the majority 

of retinal structures. Resolution of retina structures smaller than 20µm is severely limited 

by the higher order aberrations present in the typical human eye. [8,10,11] Illumination 
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systems are designed to have an object space NA of 0.45 and an image space NA of 0.3 

using a 3mm arc lamp as source. The annulus is designed to block the central 2.5mm of 

the eye to reduce corneal back reflections caused by the illumination optics. The only 

aspheric element in both imaging systems is the objective lens in the internal system; 

however, both illumination systems utilize aspheric condenser lenses. To ensure 

manufacturability, aspheric lens are limited to one aspheric surface described by a conic 

constant, and guidelines presented by aspheric optic manufacturers are followed. [12, 13]  

Imaging System Design and Testing 

Objective design in both systems is characterized by two goals. The first goal is to form 

an intermediate image of the retina for the zoom system. The second is to relay the image 

of the pupil of the eye to a baffle in order to restrict the entrance pupil diameter of the 

imaging system and to block corneal back reflections. To accomplish this second goal, 

the pupil aberrations of the objective lens must be controlled to ensure that all rays pass 

through the intermediate image of the stop (located at the baffle, 4a, or at the mirror with 

central hole, 3b) with minimal vignetting. [14] The design of the zoom lens used in the 

fundus cameras is rather simplistic. A two lens system is sufficient for the range of 

accommodation and image quality.  

As a preliminary test, objective diameter is determined for both systems as a function of 

field of view, FOV, for a fixed working distance. Minimum objective diameter is 

determined by paraxial calculations. The external objective is placed immediately after a 

thin beamsplitter. Completed imaging systems are compared for complexity, image 

quality and ability to accommodate for patient refractive error. Patient refractive error is 

modeled by placing a paraxial optic immediately in front of the eye model. The power of 
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the paraxial optic is adjusted to match the levels of defocus found in the general 

population. [7, 8] Movement of the zoom lens is used to compensate for the defocus of 

the subject, and MTF values at 50 lp/mm are recorded.  

Illumination System Design and Efficiency Testing 

The degree of difficulty involved in the illumination system varies greatly depending on 

the type of fundus camera. Design of the external illumination system is straight forward. 

One lens images the source onto the annulus, and the second lens images the annulus and 

source on the pupil of the eye. Design of the internal illumination system is more 

complicated. First, the image space NA of the lens system responsible for relaying the 

source to the mirror (elements 7-12) is determined. Next a system is designed to meet the 

required NA and places the intermediate image of the black dot on the objective. Ghost 

analysis is performed to ensure that the black dot prevents back reflections from the 

objective. The surfaces of the objective are treated as mirrors, and reflections from the 

objective surfaces are traced back through the illumination system. A black dot is placed 

at the focus of these back reflections. Back reflected light passing through the hole in the 

mirror is eliminated by adjusting the size of the black dot. Further ghost and stray light 

analysis of both fundus cameras is performed using non-sequential ray tracing. A model 

of the camera systems is constructed without an eye model. Lenses are given anti 

reflection coatings and placed in lens barrels. The beamsplitter of the external system is 

set to 50% transmission and 50% reflection to maximize the irradiance of the retinal 

image on the CCD. (Calculation is based on maximizing the following equation for flux 

on the CCD from retina. inretinaBSBSCCD RTR Φ=Φ  where ΦCCD is flux on the CCD, RBS is 

the reflectance of the beamsplitter, Rretina is the reflectance of the retina and Φin is the 
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initial flux.) A detector is placed at the CCD location. Rays are traced to determine if any 

back reflections or stray light is detected at the CCD. By adjusting the size and location 

of the back dot, the ghost reflections of the internal system are eliminated. Back 

reflections from the objective in the external system are not present.  An eye model is 

added to the camera system. A detector with absorbing properties is placed at the retina. 

Rays are traced to determine whether the baffles and annuli are blocking ghost reflections 

and stray light from the eye model. Dimensions and locations of the baffles and annuli 

are adjusted accordingly. During each iteration of ray tracing and adjusting parameters, 

the detector at the retina is monitored to ensure full illumination of the fundus camera’s 

FOV. 

Once ghost reflections and stray light in each camera have been suppressed, the 

efficiency of the each fundus camera is determined. Reflective and scattering properties 

of the retina that are consistent with the literature are incorporated into the eye model. [4-

6, 15] The pupil size of the eye is set to 7.5mm to simulate dilation. Rays are traced to 

determine the efficiency of each system for the two sources used to simulate an arc lamp, 

a Lambertian disc and helical filament. We define efficiency as 

 %100*det

inΦ

Φ
=η  (1) 

where η is percent efficiency, Φin is the radiant flux entering the system and Φdet is the 

radiant flux at the detector of interest. Efficiency is computed for the illumination system 

(flux transfer from the source to retina), the imaging system (flux transfer from the retina 

to the CCD), and the entire system (flux transfer from the source to the CCD). 

Tolerance Analysis 
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Tolerance analysis of the imaging systems is performed to determine the average 

performance of a manufactured system. Sensitivity analysis of tolerances is performed 

using the average geometric MTF at 50 lp/mm as the nominal criteria. A Monte Carlo 

simulation consisting of 100 trials is performed for each imaging system. To loosen 

tolerances, we have defined two sets of compensators likely to be used in a fundus 

camera. [16, 17] The first set of compensators includes the movement of the zoom lens 

5a and 4b and the back focus. The second set includes tip and tilt compensators to 

simulate the objectives and two lens components of the zoom lens being mounted in 

kinematic mounts in addition to the compensators in the first set. Tolerance values are 

limited to values given by several optical component manufacturers. [12, 13, 18, 19] 

System tolerances are selected such that 90% of the Monte Carlo trials will perform 

better than 0.3 average geometric MTF at 50 cycles allowing for retinal image quality 

typical of the eye. [8, 10, 11]   

Results 

Imaging System Design and Image Quality 

The design of the imaging system for each fundus camera presents a unique set of 

challenges. 

Given the same FOV and working distance, the use of the beamsplitter results in the 

diameter of the external system objective being larger than the diameter of the internal 

system objective, as shown in Figure 2. Enlarging the FOV requires increasing the 

beamsplitter size, which forces the objective to be placed further away from the eye. This 

increase in the working distance results in increased ray height at the objective of the 

external system, making aberrations hard to control. [14, 17] Fortunately, more lenses can 
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be used in the external system objective to reduce aberrations without increasing back 

reflections, since the objective is not part of the illumination pathway. The internal 

system objective can be used at a reduced working distance, making aberrations easier to 

control. This also allows for a larger FOV at a smaller objective diameter.  

Our fundus camera models are successful in meeting the design requirements. It should 

be noted that the external system objective requires an additional singlet to allow for 

control of pupil aberrations. Zoom optics for both fundus cameras are two lens systems. 

The internal system requires one additional element in the final lens to meet the image 

quality requirement.  

Each completed imaging system is able to meet the image quality requirements of 0.4 

MTF 50 lp/mm. Examination of the polychromatic MTF and Field Curvature plots in 

Figures 3 and 4 shows the external system is slightly more successful at maintaining 

polychromatic image quality. This is due to the increased number of elements used for 

the aberration correction. Correction of chromatic aberration in the internal system is 

more difficult due to the use of a single objective lens. The zoom lens of the internal 

system is left to correct chromatic aberration of eye and the objective outside of the 

aperture stop making the system harder to achromatize. An important aspect of retinal 

imaging in regard to image quality is whether polychromatic evaluation is misleading. 

The retina is more than 6 times more reflective in the red wavelengths than the green. [5, 

6] A better measure of image quality is the MTF corresponding to 656.3nm, the 

wavelength that contributes the most to the image quality. Comparison of the MTF at 

656.3nm shows excellent image quality in both systems, and this meets the specification 

of at least 0.55 MTF at 50 lp/mm.  
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Defocus Accommodation 

More than 35% of the population has refractive error, necessitating vision correction. [7, 

8] Patient refractive error, defocus being the most prevalent, will cause degradation in the 

image quality of the fundus camera. [8,11] A successful fundus camera is able to 

accommodate across the clinical range of defocus with minimal loss of image quality.  

The ability of the fundus camera to accommodate for defocus is tested by adding defocus 

to the eye and adjusting the positions of the zoom lens to optimize image quality. The 

effect of accommodation on the MTF as a function of patient refractive error is shown in 

Figures 5 and 6. Results show that both imaging systems are capable of maintaining good 

image quality across the clinical range of defocus with variation of around 0.2 in MTF. It 

is interesting to compare the travel of the zoom lenses as they accommodate for defocus, 

table 1. Examination of the travel distances shows the front element of the external 

system requires more travel. However, the travel of the back element of this system is 

smaller than the travel of the back element of the internal system. Both imaging systems 

show a large degree of success in accommodating for a patient refractive error and 

maintaining image quality. 

Fundus Camera Efficiency 

Retinal imaging is complicated due to a number of factors: the location of the retina 

forces imaging illumination to share a common path through the pupil of the eye, the 

retina is minimally reflective, aberrations in the eye blur the image of the retina, the pupil 

of the eye restricts the amount of light that can illuminate the retina, and back reflections 

from the cornea and any other optical surface is likely to be significantly greater than the 
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light reflected from the retina. The basic design principle of fundus cameras is to provide 

maximum illumination to the retina while eliminating back reflections. [1-3, 9] 

Internal and external systems use different strategies for designing fundus cameras. Our 

simulations show the effectiveness of these different strategies and demonstrate the 

tradeoffs involved. Efficiency measurements for each system, table 2, show the internal 

system to be roughly twice as efficient at illuminating the retina as the external system. 

Further analysis of the systems shows the internal system design to be more efficient at 

illuminating and imaging the retina. This is to due to the use of the beamsplitter to couple 

the imaging and illumination system, which gives the fundus camera the ability to 

eliminate back reflections from the objective, but results in significantly lower efficiency. 

Analysis of the illumination images in Figures 7 and 8 shows a distinct variation in the 

illumination pattern. Use of the black dot in the internal system to eliminate objective 

lens back reflections results in a 17% drop in the irradiance in the center of the 

illumination pattern. This drop in central irradiance is not present in the external system. 

The ability to eliminate back reflection in the system is balanced by illumination 

efficiency and the distribution of irradiance.  

Imaging System Tolerancing 

Tolerance analysis must always be considered when determining which system is able to 

perform a specific task better. Systems with high performance metrics, but extremely 

tight or impossible tolerances are likely to be passed over for production or redesigned to 

make manufacturing easier. [16, 17] As seen in table 3, a set of tolerances for our systems 

is selected to meet our criteria of a least 0.3 average geometric MTF at 50 lp/mm. 

According to optical component manufacturers, these tolerance values are fairly standard, 
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making production easier. [12, 13, 18, 19] The Monte Carlo analysis in Table 4 gives 

insight into how the system would perform if manufactured. Given systems with defocus 

compensation only, more than 90% of the external systems show a performance drop of 

less than 11.3% whereas the internal systems show a drop of less than 25.5%. If we 

examine the second set of compensators in which kinematic mounts are assumed to be 

used for tip tilt compensation to the lenses, we see greater than 90% of the internal 

system will suffer a drop of less than 4.4%, whereas the external system will suffer drop 

of less than 6.4%. These results show that despite having a larger number of optics, the 

external system is less sensitive to manufacturing tolerances. This finding is further 

supported by the standard deviations of the Monte Carlo trials. Results also demonstrate 

the ability of kinematic mounts to improve performance given a looser set of tolerances. 

As shown by the data, the internal system benefits greatly from kinematic mounts.  

Conclusions 

Comparison of the two fundus camera systems demonstrates the strengths and weakness 

of each design. The external system provides a unique approach to eliminating back 

reflections from the imaging optics. Only corneal back reflections are of concern for this 

particular configuration. The external design strategy allows for slightly better chromatic 

correction, eliminates the need for aspheric lenses in the imaging system and allows for 

looser manufacturing tolerances. Despite these advantages, the illumination efficiency is 

severely reduced and is not suited for larger FOVs, due to the increase in lens diameter. 

The internal design strategy offers a significant increase in illumination efficiency and a 

larger FOV for smaller lens diameters. Neither shows a clear advantage in 

monochromatic image quality or accommodation of refractive error. When considering 
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these designs for commercial production, the number and size of the optical elements are 

likely to be a significant factor. In this category, the internal system is able to produce 

better performance using fewer optical elements. Both design approaches demonstrate a 

great ability to image the retina effectively. Choosing between the two systems is 

ultimately a decision of what criteria is most important for the manufacturer and the 

consumer. 
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Figure Captions 

Figure 1. Fundus camera system designed by the authors modeling schematics in the 

patent literature. a) external illumination design b) internal illumination design  

Figure 2. Objective Diameter as a function of a FOV for working distances 25mm and 

35mm. 

Figure 3. MTF and Field Curvature of internal fundus camera system a) polychromatic 

MTF b) MTF at 656.3nm c) Field Curvature and Distortion 

Figure 4. MTF and Field Curvature of external fundus camera system a) polychromatic 

MTF b) MTF at 656.3nm c) Field Curvature and Distortion 

Figure 5. External fundus camera defocus accommodations a) polychromatic MTF b) 

MTF at 656.3 nm 

Figure 6. Internal fundus camera defocus accommodation a) polychromatic MTF b) 

MTF at 656.3 nm 

Figure 7. Illumination patterns of the external system at (a) the retina (b) the pupil of the 

eye and (c) the CCD 

Figure 8. Illumination patterns of the internal system at (a) the retina (b) the pupil of the 

eye and (c) the CCD  
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Fig 3a) 
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fig 3b) 
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fig 3c) 

fig 4a) 
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fig 4b) 
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fig 4c) 
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fig 5a) 
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figb) 

fig 6a) 
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fig 6b) 
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Fig 8
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Table Captions  

Table 1. Travel of zoom lens component for accommodation of defocus 

Table 2. Efficiency measurements for external and internal fundus camera systems 

Table 3. Tolerance values selected for fundus camera systems 

Table 4. Results of 100 Monte Carlo trials of fundus camera systems 
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Table 1 
 External System Internal System 
Lens 5a 6a 4b 5b 
-8D  -11.4mm -0.2mm -7.5mm -0.5mm 
+5D 13.5mm 0.5mm 5.9mm 1.8mm 
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Table 2 
 External System Internal System 

Source Helical 
Filament 

Lambertian 
Disc 

Helical Filament Lambertian Disc 

ηηηη Source to 
Retina 

19.2% 22.9% 39.3% 42.3% 

ηηηη Retina to CCD 0.26% 0.43% 1.44% 1.85% 

η η η η Source to CCD 0.056% 0.106% 0.567% 0.784% 
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Table 3 

Radius Irregularity Sag Thickness Decenter 
Surface 

Tilt 
Abbe 

# Index 

2 Fringes 1 Fringe 10µm 0.1mm 0.1mm 1arcmin 1% 0.001 
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Table 4 
 External System Internal System 

Compensators Defocus Tip, Tilt & Defocus Defocus Tip, Tilt & Defocus 

Nominal Criteria 0.5581 0.5581 0.4588 0.4588 

Standard Deviation 0.021 0.011 0.0816 0.0331 

90% > 0.4952 0.5221 0.3417 0.4384 
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Abstract   

A snapshot imaging polarimeter utilizing Savart plates is integrated into a fundus camera 

for retinal imaging. Acquired retinal images can be processed to reconstruct Stokes 

vector images giving insight into the polarization properties of the retina. Results for 
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images from a normal healthy retina and retinas with pathology are examined and 

compared.  

 

Key words:  Medical optics instrumentation, Polarization, Ophthalmology 

OCIS codes: 170.3890, 260.5430, 170.4470  

 

1.  Introduction 

Imaging polarimeters such as the Savart plate polarimeter, SPP, allow for 

snapshot polarization sensitive imaging. A SPP operates by generating multiple 

interference fringes that spatially modulate the image proportional to the polarization 

properties of the sample. The spatial modulation of the image can be decoded using 

Fourier methods to determine the polarization components. These polarization 

components are represented as two dimensional distributions of the image’s Stokes 

vector composition. This particular device shows great potential in the areas of remote 

sensing, biological imaging and other fields where gathering information about 

polarization structure is advantageous. [1,2] 

Application of polarization sensitive imaging to ophthalmology has proven to be 

beneficial in the diagnosis and monitoring of certain retinal pathologies. The retinal nerve 

fiber layer, RNFL, exhibits birefringent properties that can be measured to assess vision 

loss due certain eye diseases especially glaucoma. Polarization sensitive imaging of the 

retina has also shown the ability to assess damage to the retina not visible by 

conventional retinal photography. The emergence of such imaging modalities has led the 

early detection and prevention of retinal disease. Current methods of polarization 
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sensitive imaging in the eye, scanning laser ophthalmoscopy (SLO) and optical coherence 

tomography (OCT), rely on laser scanning of the retina. SLO and OCT systems make use 

of ellispometry to detect the change in polarization between the input and output scan 

beams. By acquiring a series of laser scanned images, polarization changes in output 

beam can be detected and the birefringent properties of the retina can be measured. [3-6] 

We have successfully integrated a SPP into a fundus camera to develop the first 

snapshot polarimeter fundus camera, SPFC, capable of measuring the polarization 

structure of the retina from a single image. Unlike current systems, the SPFC measures 

the two dimensional Stokes vector distributions of the retina rather than birefringence 

allowing for more information about the polarization structure of the retina to be 

obtained. The elimination of scanning optics allows for a more robust optical system, 

faster image acquisition, reduced effects from eye motion and simplistic image 

processing. We demonstrate the ability of SPFC to measure the polarization structure of 

several retinas from healthy subjects and subjects with pathology. Resulting Stokes 

vectors images show the differences in the polarization structure of healthy retinas and 

retinas with pathology. 

 

2. Methods 

2.1  Principle of Operation 

A schematic of a Savart plate polarimeter is shown in fig. 1. The SPP consists of a 

pair of Savart plates, a halfwave plate and an analyzer placed in a collimated beam 

between to lens responsible for imaging a sample onto a CCD.  
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Fig. 1.  Savart plate polarimeter 

 

The principle of operation of a SPP is similar to a lateral shearing interferometer. 

An incoming beam is sheared into four beams based on its polarization components. The 

imaging lens combines the four beams to create interference resulting in spatial 

modulation on the CCD. The spatial modulation of the image, I(x,y) is described by Eq. 1 

and 2. [1,2]  
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 In these equations I(x,y) is spatial modulated image irradiance, S0(x,y), S1(x,y), 

S2(x,y) and S3(x,y) are Stokes vector images representing depolarized, linearly polarized 

oriented at 0o, linearly polarized oriented at 45o degrees and circularly polarized states, ∆ 

is the shear distance of the crystal which is proportional to the crystal thickness, Ω is the 
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frequency of the spatial modulation, λ is the wavelength and f1 and f2 are focal length of 

the front and back lenses. [1] 

 

2.2  Instrumentation  

A schematic of the SPFC is show in fig. 2. A SPFC is designed using stock optics 

to meet the following specifications: 2mm entrance pupil diameter, 20 degree field of 

view and 1/3 inch CCD camera. The SPFC imaging system consists of an objective 

responsible of forming an intermediate image of the retina in front of the holed mirror. 

The SPP re-images the intermediate image of the retina onto the CCD and spatially 

modulates the image. The illumination system consists of holed mirror placed conjugate 

to the pupil of the eye. A 4f system relays the illumination source to the holed mirror. 

The holed mirror is responsible for limiting the entrance pupil diameter of the imaging 

system, providing annular illumination at the pupil of the eye and coupling the 

illumination and imaging systems. A narrow band filter at 633nm, black dot, linear 

polarizer and quarter waveplate are placed in between the 4f illumination optics. The 

location of the black dot is adjusted to minimize back reflections from the surfaces of the 

objective lens. Polarization optics can be adjusted to change the state of polarization 

incident on the retina and allows for the ability to compensate for the birefringence of the 

cornea. [6]  
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Fig. 2.  Fundus camera with integrated Savart plate polarimeter 

 

The SPFC system is extremely sensitive to the aberrations in the imaging system. 

Increased aberrations not only reduce image quality, but also reduce fringe contrast 

making the recovery of polarization information difficult if not impossible. Design and 

instrumentation phases of the SPFC showed the distance between the final lens and CCD 

is a critical. Minimal deviation from proper distance results in the loss of fringes despite 

maintaining image quality. Image quality for the final system is shown in the form of spot 

diagrams and MTF, fig. 3. Using stock optics we are able to maintain excellent image 

quality and fringe contrast as demonstrated by the overlapping sheared beams. 
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a) 

b) 

Fig. 3. a) Spot diagrams of SPFC at best focus for fields 0, 7 and 10 degrees. The black 

circle shows the diffraction limited airy disc size. Different colors are used to 

represent the four sheared beams b) MTF of the SPFC 

 

2.3 Retinal Imaging Procedure 

Patients were recruited with the help of practicing ophthalmologists of Dept. of 

Ophthalmology and Vision Science at University of Arizona. Ophthalmologists were 

asked refer patients with healthy retinas, glaucoma and other retina diseases that met the 

following criteria: free of cataracts, clear ocular media and refractive error between 0 to -
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3D.  To facilitate the process of imaging the retina the SPFC is mounted on the base of 

slit lamp position frame allowing the patient’s head to be supported by a head and chin 

rest while SPFC could be positioned using the swivel arm. A drop of 1% tropicamide was 

administered to the patient to dilate the pupil and minimize accommodation. A total of 

nine patients with the following conditions were imaged: 4 healthy retinas, 3 glaucoma 

suspects with increased cup to disc ratios but no peripheral vision loss, and 1 morning 

glory syndrome and 1 advanced glaucoma. 

 

3. Results 

3.1 Normal Retina 

In a normal healthy retina, fig. 4a, the polarization properties are associated with 

the polarization preservation properties of the rods and cones and the birefringence of the 

RNFL. The absence of the rods and cones in the optic disc results in the depolarization of 

the light being reflected from the optic disc. [7,8] The birefringence associated RNFL 

exhibits a bowtie pattern centered on the optic disc. [6] Examination of the Stokes vector 

images, fig. 4b, show the depolarization of the optic disc and a polarization signal above 

and below that resembles part of a bow tie pattern. As previously mentioned, we would 

expect a depolarized signal from the optic disc and polarized signal from the optical disc 

where the RNFL is thickest. It is also interesting to observe the strong polarization signal 

from the blood vessels. These results are consistent with the other health retinas. The 

subjects with slightly increased cup to disc ratios did not show any significant deviations 

from the healthy retinas. 
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a) 

b) 

Fig. 4. a) Normal retina no pathology b) associated Stokes vector images 

 

3.2 Retina with Morning Glory Syndrome 

Morning glory syndrome, fig. 5a, is a congenital birth defect which consists of 

funnel shaped excavated disc and a surrounding annulus of discoloration. This particular 
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pathology results in vision loss due to the malformation of the optic disc and RNFL. [9] 

We would expect to see little polarization signal surrounding the optic disc due to the 

malformation of the RNFL. The Stokes vector images, fig. 5b, show a strong 

depolarization surrounding the malformed optic disc. The malformed disc seems to 

exhibit a strong polarized signal unlike the health retina. A faint annulus can be seen in 

fig 5, this due back reflection cause by imaging the patient outside of the 0 to -3D range 

(patient refractive error is around -6D). To ensure the back reflection does not add to the 

polarization structure of the retina, an image of back reflection is processed and the back 

ground polarization information is subtracted from the polarization information of the 

retina. 

a) 
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b) 
Fig. 5. a) Retina with Morning Glory Syndrome b) associated Stokes vector images 

 
3.3 Retina with Glaucoma 

Glaucoma is a disease characterized by increased intra ocular pressure. Visual 

diagnosis of glaucoma can be made by the assessment of the optical disc. Increased cup 

to disc ratios and excavated discs are indicators of glaucoma. [4,10] Progression of this 

disease results in vision loss due to the thinning of the RNFL. [4-6] Fig. 6a shows the 

optic disc of patient with advanced glaucoma as indicated by the excavated disc. Stokes 

vector images, fig. 6b show the rim of the disc is depolarized. The S1 image indicates a 

strong depolarization in the periphery unlike the healthy retina in fig. 4b. S2 and S3 

images show a strong polarization signal from the optics disc much like subject with 

Morning Glory Syndrome. These images show a clear distinction between a 

glaucomatous and healthy retina. 
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a) 

b) 
Fig. 6. a) Retina with advanced glaucoma b) associated Stokes vector images 

 

4. Conclusions 
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The ability of the SPFC to identify features of the polarization structure of the 

retina is demonstrated. Using the SPFC we have shown a difference in the SOP of certain 

retinal pathologies and normal healthy retinas. Images of the health retinas demonstrated 

polarization properties consistent with the literature. From our results, it is unclear as to 

why the damaged optic discs in fig. 5 and 6 exhibit a strong polarized signal unlike 

healthy retina, fig. 3. Even though this insight is not left unanswered, this study shows 

that SPFC has the potential to be used as clinical instrument for the assessment of retinal 

health. The SPFC offers more information about the polarization structure of the retina 

and more robust design over current retinal polarization imaging modalities. Further 

testing the SPFC on retinas with and without pathology will be conducted by University 

of Arizona Ophthalmology and Vision Science to determine how the retinal SOP 

information provided by the SPFC can be used to effectively determine retinal health. 
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