Modern optical principles for an objective determination of eye refraction errors

1. The Problem

Most of us will have some vision problems.  These difficulties in seeing may be minor inconveniences or major short comings in our ability to see clearly.  They may appear in or late in our lives.  Fortunately, many methods from eye glasses and contact lenses to surgery are available to make corrections to our natural optical (ocular) system.  However, before eye specialists can make corrections they must know very precisely what the problem is.  In this unit we will investigate a variety of modern technique for examining the optical properties of the human eye.
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Eye specialists use many methods to measure the performance of the ocular system and to determine the combination of lenses which optimizes visual acuity for distant objects. The most widely used and well established method relies on subjective patient feedback. A patient looks at a target eye chart; while an optometrist moves test corrective lenses into the patient's field of view. The patient is then asked to verbally compare the quality of the perceived image as afforded by different corrective lenses. Some patients have difficulty articulating the comparison of the quality of vision with the various lenses. Thus, eye specialists need ways to estimate the optical properties of the eyes without collaboration of the patient.

Methods which do not require a subjective response from the patient assume that visual acuity is maximized when the quality of the retinal image is maximized, i.e. when the retinal image is optimally focused. Using this principle elaborate approaches have been developed to measure refractive error2. Two distinctive procedures are available:  

a) An optical system projects a picture on the retina and the light coming from this picture is examined with a second optical system.  The second system looks for changes in the image, such as distortions.

b) A ray of light is directed into the eye.  Its path and the path of the light scattered by the retina is investigated.
2. The human eye as an optical system

The eye is the sensor for the optical system.  Light which enters the eye is converted by the retina into electrical impulses.  These signals are transmitted to the brain where they are analyzed and interpreted.
The eye is a approximately sphere with an average radius of about. 24 mm.  It consists of the following parts (Figure 2)
· the cornea, which is scarcely a millimeter thick, has no blood supply of its own and is completely transparent, 

· the eye chamber, which contains a liquid (aqueous humor),
· the iris, which has a circular hole (pupil) at the center,
· the flexible lens, which are attached by the elastic ring of ligaments, called the zonula to the ciliary muscle,
· the vitreous humaor, which fills out the eyeball volume,
· the Retina, which lines the rear internal surface of the eye.

[image: image14.png]Kammerwasser

Ciliarfaden

Pupille '

Glaskorper

Ciliarmuskel /s
/ Sehnerv
\_/ Netzhaut

0 6 24 mm

Hornhaut

Regenbogen

N
7





Figure 1: Construction of the human (and other mammals) eye. (after Wiesner et al., 1996)
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Figure 1: Construction of the human (and other mammals) eye (From:  http://en.wikipedia.org/wiki/Eye)

The visible light must go through the optical apparatus of the eye to be able to stimulate the retina. The light moves through the front of the eye and is refracted there. The refracting power can be changed by different factors: 
1. by the outside muscles, which can lead to a deformation of the whole eye ball, including the cornea/callosity,  or
2.  by the ciliary muscles changing the curvatures of the lenses (accommodation). 
The outside surface of the cornea/callosity contributes the most substantial part to the refracting power of the eye because of their transition to air, somewhat more than 40 dpt. The lens’s refracting power amounts to only 10-20 dpt (depending upon accommodation condition). The distance of the lens from the cornea/callosity (approx. 7 mm) is relatively small. Therefore, a simple addition of these diopter numbers leads to an acceptable approximation. The human eye represents a complicated optical system, because many parts of it have different refractive indices and contribute to the optical properties (cornea/callosity 1.376; aqueous humor 1.336; Lens 1.385-1.406; vitreous humor 1.336). Therefore, we will use a simplified model (the so-called “reduced eye”) in which the eye is filled with water and the total refraction due to the eye occurs at only one surface. (Fig. 2). In the "reduced eye" we use a smaller radius of curvature (r = 6 mm) than for the natural eye (approx. 8 mm).  This difference adjusts for using only one refracting surface. The length of the reduced eye is the same as the natural eye 24 mm, the refraction power is approximately 58 diopters, the forward focal length 17 mm and the focal length through the eye 23 mm. The differences between front and rear focal length result from the differences in the refractive index of air and water. 
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A detailed eye model with more precise values of the variables than we need can be found at http://hyperphysics.phy-astr.gsu.edu/hbase/vision/eyescal.html
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Some properties of lenses.

Image formation at a spherical surface 

Consider a bright object in a medium with index of refraction n1 and another medium wirh index of refraction n2, which is separated from n1 by a spherical surface. (Fig. 3). The surface of the object consists of an infinite number of points. Light from each point of the object’s surface, e.g. A, diverge and spread out.  Refraction at the surface causes this bundle of rays to converge to a pixel at the point A’. All bundles, which come from the various points on the surface, supply a pixel of the image. Together they result in a whole, real image..
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When the light bundles are not large, the following equation can be applied
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Where n1 and n2 are the indices of refraction, a and b the distances to the object and image, and r the radius of curvature of the surface. 

When a = ( und b = (, the equations for the focal lengths are
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As in Figure 4 an inverted image appears on the retina. The processing by the brain and learning procedures in earliest youth cause the picture appear upright us. The brain is able to process images so that they always seem to upright.  For example in a research project subjects were given eyeglasses which turn the picture upside down, After some days subjects were processing this information so that they saw their  environment upright again.
Corrective lenses and aberrations

A corrective lens can focus the rays of parallel light behind the lens. A short focal length is, related to a large power (or refractive power) D for the lens. The refractive power (in diopters) is the reciprocal of the focal length measured in meter (m). For example, a corrective lens in a pair of glasses may have a focal length of 20 centimeters (=.20 meters).  Then the refractive power D is
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When you purchase eye glasses off the shelf in a store, you will see that they are rated in diopters.  In common language, “stronger” the glasses have greater refractive power and a larger value for the diopters.

For the refractive power of corrective lenses we need to distinguish between converging lenses and diverging ones.  We make this distinction in the same way that we do with focal length – a positive focal length and power for converging lenses and negative ones for diverging lenses.

The refractive powers are the numbers that an eye specialist uses to write prescriptions for eye glasses or contact lenses.  Of course, most of us do not have just one type of vision problem; we frequently have a combination of difficulties to deal with.  So the prescription can become complex.  To see examples with explanations, go to the web site http://www.usaeyes.org/faq/subjects/script.htm
Strictly speaking equation (3) applies to a lens in air.  To modify the refractive power for other media that transmit light we must use the equations
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where n1 and n2 are the refractive indices of the materials and f1 and f2 are the focal lengths in those materials.  If then lens is surrounded by air, then n1 = n2 = 1and equations (3) is the result. 
Accommodation
A completely relaxed eye focuses on a far distant object. If close objects are looked at, then the surfaces of the lens are curved by contraction of the ciliary muscles. The diameter of the ciliary muscle becomes smaller, so that the flexible lens can thicken. Thus, the refracting power becomes greater. These changes in the shape of the lens (called accommodation) allow us to see clearly objects at different distances. (Accommodation also occurs in birds.  (With the pigeon. up to 17 diopters of change can occur.) ( Bezzel, 1990). 
We can quantify the accommodation by comparing the closest and farthest distances that our eyes can see clearly.  Define Df as the furthest distant (in meters) place on the eye axis at which one sees clearly without accommodation. DN is the closest distance to the eye at which one sees clearly.  That is, clear vision with strongest accommodation. (Typically this distance is 25 cm in middle age and about 10 cm in young children.) The accommodation range, AB, is the amount by which the refracting power of the lens can be changed: 
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where the distances are measured in meters so that AB is determined in diopters.  
Children can within a range between 7 cm and? see sharp. That corresponds to accommodation width of 1/0,07m -1 /?? 14 dpt. With horse, dog and cat those amounts to dpt accommodation width 2-4. Rabbits do not accommodate at all (Penzlin, 1996). 

3. Vision Defects
Most eye defects are limited to three common problems – nearsightedness, farsightedness and astigmatism.  We can use the reduced eye model to describe each of them. 
An eye with normal vision is called emmetropic by eye specialists. IN terms of the optics, rays coming from very far away meet on the retina.  For the various defects these rays to not meet on the retina.  Thus corrective lens or surgery are needed to modify the paths of the rays. 
Myopia  (Nearsightedness)
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The most common cause of myopia is an eye ball which the longer along the axis than normal.  If the refracting power of the vitreous humor is too large, myopia can also occur.  However, this condition is relatively rare. We will consider only the case where the eyeball is elongated.  See Fig.  X

The image focuses in front of the retina.  Thus, the image on the retina is blurry. 
For objects that are close to the eye, this condition is pronounced.  Thus, when a person with myopia looks at very near objects, he/she sees somewhat clearly.  Thus, this condition is given the name nearsightedness.
Other ideas for pictures: http://www.eyeny.com/eye/index.shtml

http://www.eyesearch.com/myopia.jpg
http://www.tehranlasik.com/diseases/mupia%20.htm
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Hyperopia (Farsightedness)

In this situation the eyeball is abnormally short or by a lens with a lower refracting power than normal.  The result is that the focal point lies behind the retina.  The light that reaches the retina is, once again, blurred.
In this case the eye is better able to see distant objects because these objects focus close to the retina.  The name farsighted comes from this observation.
Astigmatism
Astigmatism occurs when the cornea does not have a spherical shape.  In most cases, the curvature in one direction is different from the curvature in the other.  The shape of the cornea in an astigmatic eye is likely to be similar in shape to an American football or a rugby ball rather than a European (soccer) ball or a basketball.
The result of the different curvatures is that the eye has more than one place where the image focuses.

Because of the lack of symmetry in the lens, a person with astigmatism cannot any objects clearly.  This condition is frequently accompanied by one of the other eye conditions.
Many other conditions can cause vision difficulties.  However, these three are the ones that are most closely related to the optical properties of the eye.  For a rather complete list of eye conditions see http://www.stlukeseye.com/Conditions/Default.asp
4. Optical principle for objective determination of eye refraction
Note: For the purposes of these experiments we do not distinguish between aberrations and refractive errors. 

A perfect lens focuses a beam of parallel light (flat wave front) perfectly to one point (the focal point of the lens). Conversely, parallel light (perfectly flat wave front) would come from a perfect point light source placed exactly at the focal point of the lens. All deviations from the ideal wave front are due to imperfection in the lens or to position of the point light source. In the same way, by placing a point light source on the retina and comparing the wave front that comes out of the eye with an ideal flat wave front representing a perfect eye, one could gain a map of all imperfection of the eye.

The optical principles of an objective refraction are given in Fig. 1. Light from a laser illuminates a very small spot P on the surface of the retina. A portion of the light falling on the retina is scattered and leaves the eye again via the pupil. If the eye is relaxed and emmetropic (normal sighted), emerging light would be parallel after passing the dioptric components of the eye (Fig. 6a). In a myopic (nearsighted) eye reflected light is convergent (Fig. 1b) and in a hypermetropic (farsighted) divergent (Fig. 6c).
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Fig. 6. Rays emerging from a point source on the retina in a) emmetropic (normal), b) hypermetropic and c) myopic eye. 

A photoelectric device placed on the screen detects the light reflected from the retina. The analysis of the detector signal provides information about the global refractive errors of the eye. If necessary, the screen could be moved or a lens could be placed in front of the eye.

The detector device must be extremely effective to reduce the illumination light level on the retina, which should be less than the maximum permissible exposure described in international standards.

Both myopic and hyperopic defocus the light. They increase the size of the spot on the retina (blur circle) and cause an additional increase in the divergence of the scattered light leaving the eye. However, by use of a laser beam (for example diode-laser, Ø 1 mm), the spot on the retina remains very small and acts always as a point source.

To decide whether the eye is hypermetropic or myopic one can use the knife edge test: A knife edge K can displaced near the eye (s. Fig. 1b, c) upwards and hence the light beam is blocked partially. In case of a hypermetropic eye the shadow of K is observed on the lower side, in case of a myopic eye on the upper side.

Light of longer wave length is used primarily because of the achieved ocular transmission and reflectance on the retina. For this wavelength the eye has lower refractive power relative to all visible light. Thus, the difference in optical power of the eye between the measured wavelength and some visible wavelength must be estimated.

During an objective refraction the problem is to insure that the muscles of accommodation are totally relaxed. Accommodation is neutralized either by drugs such as atropine or by looking at a distant target.

5. Experimental device

Guided by the above principle we have build a device (Figure 6) where a light spot is illuminated on the retina of a model eye and the convergence or divergence of the emerging rays is analysed. The model eye consists of a sphere which represents the ocular globe. A hole in the sphere is covered with a glass lens C which simulates the optical refractive power of both cornea and crystalline. The focal length of the lens must equal the axis length of the model eye. On the opposite surface, a spherical segment is cut and represents a portion of a movable retina R that can be moved changing the axial length of the model, and thus simulates ametropic eyes.

A laser light source illuminates a minute area on a retina of the model eye. The “retina” is painted red to allow a high reflectivity of the laser beam. The scattered light illuminates the area of a circle on the screen (see Fig. 8). 
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Fig. 6. View of the experimental setup. The screen has a hole in the centre which allows the passage of the laser light (L lens, C cornea, R retina).

To demonstrate experimentally the path of the outgoing light in a half-dark room , the retina of the model can be illuminated from behind with an internal light source (LED with small diameter and high intensity) (Fig. 7). In this way by observing the screen (sheet of paper) from behind with a camera connected to a video monitor, many students could observe simultaneously what happens (Fig. 8).
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Fig. 7. Optical arrangement in which the light source is placed on the retina of the model and a camera is focussed to the screen.

[image: image12.jpg]


[image: image13.jpg]



Fig. 8:  Light on the screen from a) emmetropic (normal) and b) myopic eye model
To measure the refraction errors we can place a corrective lens in front of the model eye to compensate ametropia until the reflected light would be parallel. That means the light beam fits exactly the circle on the screen. 

In case of a myopic eye model can the screen be displaced to in order to find the distance of where the beams from the cornea cross. The power of the corrective lens (refractive error in dioptres) is given as the reciprocal of this distance in meters. 

By a hypermetropic eye model with a divergent beam a sufficiently powerful lens L can be placed in front of the model eye and measured as a myopic model eye. The power of the lens L must be then subtracted from the measured value.

By using red light, as expected, there is a discrepancy between the nominal result and the measured power of the lens.

If cylindrical lenses are placed in front of the model eye to simulate an astigmatic eye, an ellipse appears on the screen and shows both the power and the angle of the astigmatism.

To measure the refraction errors the combination of spherical and cylindrical corrective lenses must be determined which gives, again, a light circle on the screen
6. Modern optical Apparatus for objective determination of eye refraction and aberration
The Scheiner disk
The Jesuit Schristopher Scheiner from the University of Ingolstadt, a contemporary of Kepler and Galileo, invented a simple device for measuring refractive errors of eyes. If an emmetropic eye looks at a star through an disk with two holes than the observer noticed only one point as the image (fig. 4.1.1a). But an ametropic eye will form two images (fig. 4.1.1b). A suitable lens in front of the eye will bring the two images into coincidence (fig. 4.1.1c).
Fig. 4.1.1a, b, Scheiner’s disk

4.2 The Scheiner-Hartmann Aberrometer

The Scheiner disk with two holes is not very useful f.e. for a cornea which is defect at different points. An extended method uses the Hartmann disk. This is an opaque screen with numerous holes. Examining the light rays from different holes makes it possible to obtain information about the errors from different locations on the pupil. Das ist besonders wichtig für chirurgische Operationen und für das LASIK-Verfahren, bei dem die Hornhautkrümmung durch Verdampfen durch einen Laserstrahl verändert wird.
Fig. 4.2.1 

4.3 The Scheiner-Hartmann-Shack Aberrometer

Der Wechsel zur Wellenoptik manchmal für das Verständnis der grundlegenden Idee nützlich. günstig. Ein nahezu punktförmiger Leuchtfleck auf der Netzhaut (erzeugt durch Beleuchtung mit einem Laserstrahl) sendet eine Kugelwelle in Richtung der Augenlinse und Pupille aus. (Fig. 4.3.1) Bei einem entspannten und fehlerfreien Auge verlässt das Licht das Auge als Parallellichtbündel, bei dem die Wellenfronten parallele Kreisflächen sind. 
Fig. 4.3.1

Die Überprüfung, ob tatsächlich eine ebene Welle vorliegt erfolgt in modernen Refraktometern häufig mit Hilfe eines Shack-Hartman-Wellenfrontsensors. Dieser besteht im Wesentlichen aus einem micro-lenslet array. Die auf die einzelnen kleinen Linsen auffallenden Teillichtbündel werden in die Brennpunkte der einzelnen Linsen abgebildet und formen auf einem Schirm ein regelmäßiges Gitter (fig. 4.3.2). 
Fig. 4.3.2

Bei einem fehlerhaften Auge sind die Wellenfronten nicht mehr eben sondern je nach Fehler unregelmäßig gekrümmt (fig. 4.3.3). Als Folgerung treffen die Lichtkegel auf dem Schirm nicht mehr gleichmäßig auf.
Fig. 4.3.3

Bei einem Shack-Hartmann-Aberrometer wird über einen halbdurchlässigen Spiegel ein für das Auge verträglicher Laserstrahl ins Auge geleitet. Das aus dem Auge austretende Lichtbündel fällt auf den Shack-Hartmann-Wellenfrontsensor. Das von dem Sensor erzeugte Bild wird auf einem CCD-Sensor aufgefangen und diese Information in einem Computer verrechnet. 
(Link zu einer Kurzerklärung von CCD: Ein CCD-Sensor ist ein lichtempfindlicher Halbleiterchip. Dieser Chip besteht aus vielen kleinen Elementen, den so genannten charged coupled devises. In diesen werden je nach darauf fallendem Licht durch den Fotoeffekt unterschiedlich große elektrische Ladungen erzeugt. Diese Ladungen werden elementweise elektronisch ausgelesen. Ein Computer erzeugt aus diesen Informationen ein Bild. 
Fig. 4.3.4

Wie kann man aus der Verschiebung eines Punktes auf dem CCD-Sensor die Neigung der Wellenfront gegenüber einer ebenen Wellenfront bestimmen?
Aus Abb. 4.3.5 (ähnlich Abb. 17, Applegate) ist abzulesen, dass die Verschiebung dx in x-Richtung mit dem Ablenkungswinkel αx über 

tan αx = dx/a    und gleichzeitig 

tan αx = ∂W(x,y)/∂x  ist.
Die Neigung der Wellenfront ist also durch dx/a und damit durch die Verschiebung des Punktes auf dem Schirm gegeben.

Fig. 4.3.5

(nach Appelgate S.1101f.)

(Atchinson)

4.4 Laser ray tracing aberrometer
Auch bei dem Laser tracing aberrometer geht es darum, von möglichst vielen Orten der Pupille mögliche Fehler zu bestimmen. Über einen rotierenden und in der Neigung verstellbaren Spiegel kann ein enger Laserstrahl durch verschieden Pupillenorte auf die Fovea gerichtet werden. Das Bild des Netzhautflecks wird mit einer CCD-Kamera aufgenommen und der Fehler durch Vergleich mit dem Bild von dem zentral eingestrahlten Referenzstrahl bestimmt. 
Fig. 4.4.1 (von Folie oder Atchinson)

4.5 Tscherning Aberrometer

Beim Laser tray aberrometer werden die Informationen über die verschiedenen Orte in der Pupille nacheinander ermittelt. Beim Tscherning Aberrometer wird diese Information für alle Orte gleichzeitig ermittelt, wodurch Zeit gespart wird.

Der Lichtstrahl eines Lasers wird aufgeweitet und durch eine Lochmaske mit einem bestimmten Muster (s. Fig. 4.5.1) geschickt. Über Spiegel werden die Lichtstrahlen in das Auge geschickt. Bei einem normalsichtigen Auge würden die Parallellichtstrahlen alle in der Fovea auf die Netzhaut auftreffen. Eine defokussierende Linse LD sorgt dafür, dass das Muster der Lochmaske auf die Netzhaut abgebildet wird. Das von diesen Netzhautpunkten gestreute Licht verlässt durch die Pupille das Auge und wird durch ein Linsensystem auf einen empfindlichen CCD-Sensor abgebildet und die Information weiterverarbeitet.
Fig. 4.5.1

Glossary
Eye conditions
See also http://www.visionis.fr/us/emetrope.htm 
emmetropic (normal)
hypermetropic
myopic

ametropic
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Fig. 3: Reduced Eye Model, in which the refraction is assumed to occur at a single surface. H = {English word}, K =Center of the circle for the radius of curvature (r) of the lens, F and B = front and rear focus.





Fig 4: Image formation through a spherical surface. The illustration shows how a bundle of rays from a point an the object forms a point of the image.
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http://www.stlukeseye.com/Conditions/myopia.asp
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http://www.stlukeseye.com/Conditions/Hyperopia.asp
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Figure 1:  The Snellen Eye Chart is commonly used for eye examinations requiring patient feedback.  (http://www.i-see.org/eyecharts.html)





Note:  In the following sections we discuss laser light incident on the retina.  Student must be warned that using lasers in this way can only be accomplished by professional eye examiners who are using specially constructed instruments.  They should never point any laser toward anyone’s eye
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http://www.stlukeseye.com/Conditions/Astigmatism.asp
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