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ABSTRACT OP 

A PRELIMINARY EVALUATION OP THE HUMAN ERG 

OBTAINED WITH SINUSOIDALLY VARYING LIGHT STIMULATION 

by KAREN K. DITTERT 

This thesis evaluates the human ERG obtained with sinu¬ 

soidally varying light stimulation. Eighteen test frequencies 

are used, varying from 2 to Hz. The test is administered 

to both normals and patients with retinitis pigmentosa (R.F.) 

The output waveforms are subjected to a Pourier analysis, and 

the Fourier coefficients form the data base for a cluster ana¬ 

lysis. The clustering methods have three main goals: 1) To 

automatically separate the normals and the R.P.'s, based on 

the Pourier coefficients, 2) To find groups among the R.P.'s 

based on these coefficients, and 3) To investigate these 

groups for a relationship with physiological or clinical vari¬ 

ables that the ophthamologist measures. Three methods of 

clustering are employed: 1) The K-Keans algorithm, 2) A 

hierarchical method, and 3) Approximation of the frequency 

versus phase of the first harmonic graph. Normals are grouped 

correctly by all methods, while all but three R.P. eyes are 

separated as abnormal. The greatest correlation occurs with 

the flash ERG. The phase approach leads to the most promising 

results, and further research in this area is suggested. 
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I. INTRODUCTION 

The electroretinograra (ERG) measures the electrical 

response of the retina to illumination. The ERG consists 

of several components, each arising from the summed activity 

of many cells of a given type in the retina. "Hence the ERG 

offers the unique advantages of a readily recorded response 

that reveals the electrical activity of certain classes of 

retinal cells." Laboratory studies of the neural components 

of the ERG and their origins employ penetrating microelectrodes 

which record a local ERG from the area surrounding the 

electrode. Since this technique is impossible in a clinical 

environment, the most conventional recording method for 

patients involves placing one electrode in contact with the 

cornea, referenced to an electrode connected to the temple 

or earlobe. The condition of the retina must be inferred 

from the currents recorded on the outer surface of the eye. 

Since both stimulus and response can be measured easily, 

and internal variables are difficult to record, an input- 

output type of analysis of the ERG waveform is logical. 

However, because the electroretinographic system is a complex, 

nonlinear system, it poses problems for this type of analysis. 

Several methods can be utilized to offset these difficulties. 

Small-signal linearization is one such technique. However, 

this method has several disadvantages. It is only valid for 

a relatively small operating range of the system, the necessary 

limitations on input variations cause low amplitude responses 
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and signal-to-noise ratio problems, and the relatively high 

average light level causes the system to adapt and become 

less sensitive to variations in the input signal. In another 

method, a nonlinear model is used to simulate the input- 

output relationship. The disadvantages of this approach for 

clinical applications lie in the fact that model parameters 

are often difficult to specify quantitatively and are diffi¬ 

cult to relate to physiological processes. Nonlinear analysis 

methods, such as Wiener-Lee G-functionals, are also applicable 

to the system. However, while recent advances in micro¬ 

processors have decreased the amount of time required for this 

type of study, a large amount of computational effort is 

still necessary. The fourth type of analysis consists of a 

statistical evaluation of the system response to a specified 

input. This method presents several advantages for clinical 

applications. One is not limited to small-signal conditions 

and therefore the signal amplitudes would be, in general, of 

a sizable magnitude. Computational requirements are not as 

large as for nonlinear techniques. Also, this type of ana¬ 

lysis can lead to a diagnostic procedure which would be of 

immediate clinical value. Therefore, this thesis carries out 

an initial statistical evaluation of certain parameters of the 

human ERG waveform. 

The majority of human ERG studies utilize a brief flash 

of light as the input stimulus. Figure 1 displays a normal 

human flash ERG. Several difficulties arise with this choice 
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Figure 1. A normal human flash ERG. Vertical scale injvt. 

of input. The ERG waveform in response to a flash of light 

tends to lack reproducibility of its shape under identical 

stimulating conditions. Appreciable interindividual and 

intraindividual differences have been found in many studies. 

As an extreme example, stimuli which produce response ampli¬ 

tudes of 300 yy in some subjects may cause amplitudes of 

600 JJLV in others, while the amplitudes can vary as much as 

2 35% for the same individual at different testing sessions. 

In addition, the ERG is a complicated waveform requiring many 

parameters for its accurate characterization. Ideally, for 

purposes of system analysis on an input-output basis, one 

would like to reduce the ERG to a small set of numbers con¬ 

taining the required information. Because of this problem, 

many clinicians who use the flash ERG simply judge the ampli¬ 

tude of the result as "normal", "reduced", "barely recordable" 

or "extinguished", while implicit times (time to the maximum) 

are classified as "normal" or "delayed".^ Little attempt is 

made to provide a more quantitative description. Also, the 

level of light adaptation affects the amplitude of the ERG, 
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thus increasing the difficulty of characterizing even a 

"normal" response. In order to overcome these obstacles, 

the use of sinusoidal intensity variation as an input wave¬ 

form has been proposed. This type of signal has several 

advantages. The input can be characterized easily with only 

a few parameters. In addition, a large number of responses 

can be obtained quickly. This method thus decreases the test 

time for the patient, and allows the application of averaging 

techniques to reduce noise. Also, the retina of the patient 

adapts to the mean light level of the sinusoidal stimulus 

very quickly. Thus, by controlling the mean light intensity, 

the same level of adaptation can be maintained for all patients 

tested. Finally, Fourier techniques can be applied to the 

waveform, reducing the ERG response to a small set of para¬ 

meters and simplifying the subsequent analysis. For these 

reasons, this thesis considers the human ERG obtained with 

sinusoidal light stimulation. The principle objective of 

this study is an evaluation of the immediate and potential 

usefulness of the sinusoidal ERG as a clinical diagnostic 

tool. 

II. SUBJECTS FOR THE EXPERIMENT 

The subjects for this experiment consist of normals 

(people with no retinal disease) and patients with retinitis 

pigmentosa (R.P.) Retinitis pigmentosa is a degenerative 

disease of the retina, whose pathogenesis has not been firmly 
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established. The two most accepted possibilities are 1) R.P. 

is a primary degeneration of the photoreceptors, or 2) R.P. 

is caused by vascular changes in the pigment epithelium or 

choroidal circulation, with photoreceptor degeneration as a 
ZL 

secondary effect. Characteristics of the disease include 

pigment clumps in the fundus (bone spicules), optic atrophy, 

and narrowing of the retinal arterioles. The late stages of 

R.P. produce night blindness, color vision defects, visual 

field constriction, and loss of visual acuity. The disease 

appears to be genetically transmitted. 

The study described in this thesis concentrates on R.P. 

patients for two main reasons: 1) Since the University of 

Texas Department of Ophthamology is conducting a drug study 

on R.P., the ophthamologist associated with the sinusoidal 

ERG project at Rice University, Dr. C. Garcia, has access to 

a large number of patients with this disease who are willing 

to undergo the ERG test, and 2) R.P. can be diagnosed with a 

relatively high degree of accuracy. The patients in this 

study, in general, have had five other diagnostic tests ad¬ 

ministered to them. These tests include visual acuity, color 

vision, flash ERG, electro-oculogram (EOG), and visual fields. 

Visual acuity involves the ability to discriminate small 

differences in spacial configurations that lead to different 

sensations only if details of a given angular subtense are 
«I 

resolved. For example, a visual acuity of 20/20 implies 
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that a letter with a feature subtending 1' of arc at 20 feet 

can be resolved at 20 feet. Thus, measurement of visual acuity 

is mainly a test for macular conditions. Color vision tests 

measure the ability of the eye to discriminate between hues. 

Patients are given a large number of blocks, each of a slightly 

different color, and asked to arrange them in a color se¬ 

quence. This test, the Farnham 100-Hue, serves as an indi¬ 

cation of cone function, since the cone pigments are respon- 

sible for the color sensations.-' The flash ERG, which is 

explained in Section I, is included as a reference point for 

the clinician. For the majority of R.P. patients, this ERG 

is either barely recordable or extinguished. Another test, 

the EOG, measures the standing potential between the pigment 

epithelium and the corneal surface. For clinical purposes, 

the condition of the pigment epithelium is measured by con¬ 

sidering the changes in this standing potential with changes 

in adaptation.*' The test begins with an adapting light turned 

on, and the potential is allowed to reach a constant value. 

Then the light is turned off, and the patient alternately 

observes fixation lights, spaced 30° apart. The potential 

decreases slightly until the trough is reached. Then the 

light is turned on again, and the potential increases and 

reached a peak. The EOG score is the ratio of this maximum 

to the minimum potential. The final test involves visual 

fields. This test determines the retinal areas of loss of 

visual function for test objects of various sizes. The 
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patient looks at a fixating spot, and the technician moves a 

test light (isopter) to various angles and distances from the 

fixating spot. The patient signals when he can see the 

isopter. Thus, his field of vision is mapped. In addition 

to these tests, the retina is examined for the amount of 

bone spicule present. A family history is also taken to 

determine the genetic type of R.P. The range of results for 

the five tests and the two other factors are each divided into 

four categories. Table I lists each factor and the definition 

given to each category. In all of the tests, a "1" indicates 

the normal condition, while "4" is the most abnormal. Test 

results of a particular R.P. are classed into these categories, 

and the scores are used to characterize the retina of that 

patient. The normals are not subjected to these tests. 

The sinusoidal ERG has been administered to sixteen 

normals, volunteers who have no visual problems associated 

with retinal diseases. The population consists of eight 

females and eight males, ranging in age from 18 to 7^ years. 

The R.P. population is made up of 65 patients (referred by 

Dr. C. Garcia) suspected of having retinitis pigmentosa. 

The study covers 25 males and 40 females, ranging in age from 

under 20 years to over 60 years. These patients have had 

visual problems for times varying from a few months to more 

than 20 years. Table II shows each of the five tests performed 

on these patients, and the percentage of the population in 

each category. Note that not all of the percentages sum to 
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TABLE I. TESTS REPRESENTING THE CONDITION OP THE RETINA 

Definition of Categories 

TEST CATE¬ 
GORY 

DESCRIPTION 

Visual 1 20/15 to 20/40 
Acuity 2 

l 
20/50 to 20/100 
20/200 to Count Fingers 
Hand Notion, Light Perception 

Color 1 Up to 100 
Vision 2 100 to 250 

3 250 to 500 
4 500 and Higher 

ERG 1 Normal 
2 Mildly Subnormal 
3 Barely Recordable 
4 Nonrecordable 

EOG 1 170 and Higher 
2 150 to 170 
3 120 to 150 
4 100 to 120 

Visual 1 Isolated Scotomas 
Fields 2 

l 
Mildly constricted for all isopters 
Marked constriction for small isopters 
Marked constriction for all isopters 
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TABLE II. TESTS REPRESENTING THE CONDITION OP THE RETINA 

Percentage of 56 Patients in Each Category 

TEST CATEGORY PERCENTAGE 

Visual 1 43^ 
Acuity 2 33% 

3 17* 
4 7% 

Color 1 16% 
Vision 2 19% 

3 28% 
4 23% 

ERG 1 1% 
2 6% 
3 16% 
4 77% 

EOG 1 9% 
2 7% 
3 45:% 
4 21% 

Visual 1 15% 
Fields 2 2% 

3 11% 
4 65% 
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100$, since some patients did not undergo all the tests. All 

of the genetic types of R.P. transmission are represented in 

this population, and amounts of pigment in the retina range 

from a classically heavy pigmentation to patients with no 

pigment. Thus, the R.P. patients used in this study represent 

a wide variety of retinal conditions, as characterized by the 

seven factors mentioned above. These 65 R.P. patients, as 

well as the 16 normals, have undergone a sinusoidal ERG in 

the experimental laboratory at Rice University. The analysis 

performed in this thesis is based on these ERG data. 

Ill. EXPERIMENTAL PROCEDURES 

A. ELEMENTS OP THE SYSTEM 

A diagram of the system used to measure the sinusoidal 

ERG is shown in Figure 2. The light source for the experi¬ 

ment consists of s Sylvania R1131C glowmodulator. In order 

to avoid problems with color changes and a nonlinear current- 

intensity characteristic of the glowmodulator, a duty cycle 

modulation technique is utilized to produce the desired 

sinusoidally varying intensity. The glowmodulator is turned 

on and off by a 1000 Hz square wave driver signal. A PDP-12 

minicomputer generates the voltage which modulates the driver 

signal to produce a change in luminosity proportional to the 

modulating voltage.^ This source and the subject are placed 

in a darkened, electrically shielded room. An arrangement of 

padded bars and a chin rest restrain the patient's head, thus 
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Figure 2. A diagram of the sinusoidal ERG system. The 
reference electrode is placed on the temple of 
the patient, while the corneal electrode rests 
on a layer of Visculose over the cornea of the 
patient's eye. The glowmodulator produces a 
sinusoidally varying intensity under the control 
of the PDP 12 minicomputer. 



Page 12 

eliminating both head movement artifacts and changes in the 

relative position of the light source and the eye. An 

electrode, resting on the surface of the subject’s eye, 

measures the ERG. Two types of electrodes are used. One 

type consists of a silver wire which has been chlorided, and 

the other type is called a wick electrode. It consists of a 

saline-soaked cotton wick which rests on the cornea. A 

chlorided silver wire, in contact with this wick, picks up 

the signal conducted by the saline solution. Whichever 

variety of electrode is used, it is contained in a corneal 

contact lens made of translucent Plexiglass^. A diagram 

of the two lenses can be seen in Figure 3. A plastic ring 

attached to the outside of the lens (not shown in Figure 3) 

COTTON 
WICK 

(a) (b) 

Figure 3* Electrodes used with the sinusoidal ERG system, 
(a) A chlorided silver wire, (b) The wick 
electrode. Both types are contained in a contact 
lens made of translucent Plexiglass. 

(1) Electrodes designed and constructed by Candace Anderson, 
PhD candidate at Rice University. 
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prevents the patient's eyelid from obscuring the pupil during 

the test. Both types of electrodes are very stable, but the 

wick is lighter and is usually utilized to reduce risk of 

corneal abrasions. The patient's pupil is dilated with one 

or two drops of Medriacil, and a topical anesthetic, 

usually two drops of Ophthaine, is administered. A layer of 

Visculose, applied to the inside of the lens before it is 

inserted, assures good conduction. A reference elctrode is 

placed on the temple. The glowmodulator is positioned so as 

to fully illuminate the portion of the contact lens that 

covers the pupil. Light entering the eye from the glowmodu¬ 

lator is scattered by the translucent Plexiglass of the contact 

lens placed over the pupil. Thus the area of stimulation is 

the entire retina. The patient must not move his eye during 

the test, since this would change the brightness of the 

stimulation. The subject looks at a red fixating light with 

his uncovered eye, thus providing him with a point of reference 

and enabling him to keep both eyes steady. This light consists 

of a point source or a large cross for some of the R.P. 

patients. Since many of the patients have only isolated 

areas of visual function remaining, the cross insures that 

they will be able to see at least a portion of the fixating 

light. During the ERG exam, signals from the corneal lens 

electrode pass through a battery powered pre-amplifier inside 

the shielded room, to an amplifier located outside this room. 

The pre-amp has a fixed amplification factor of 10 and a flat 
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frequency response from .25 to 100 Hz. The other amplifier 

has a variable gain of 100 to 1000, and can be used in either 

ac or dc mode. This amplifier has a flat frequency response 

(both magnitude and phase) from 2 to 200 Hz in ac mode, and 

from 0 to 200 Hz in dc mode. The output of the second ampli¬ 

fier is then sampled by the FDP-12. The computer has 8K of 

core memory, two tape drives which utilize LINC tapes for 

additional storage, and an oscilloscope for data display. 

Peripherals to the PDP-12 include a Printronix printer-plotter 

and a Techtronix hard copy unit. Analogue channels and 

external sense lines are used for data input and program 

control. The ERG program controls the light source, data 

(2) 
input, and data storage during the test' . An operator 

applies the lens electrode, begins data input, and decides 

on data storage via the sense switches of the PDP-12. The 

results of the sinusoidal ERG are stored on LINC tapes by 

the computer. 

B. OPERATION OP THE SYSTEM 

The amplified corneal electrode signal is fed into an 

analogue channel of the minicomputer. Two cycles of the ERG 

waveform are considered to be one response, regardless of the 

frequency of stimulation. By comparing the two cycles, a 

measure of response reproducibility can be obtained which is 

(2) Program written by Thomas Brzustowicz. 
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of aid to the operator. The PDP-12 takes 256 evenly spaced 

samples for each response, timelocked to the stimulus. In 

order to reduce noise, the response is averaged over several 

two-cycle segments, the number of segments depending on the 

frequency of stimulation. The minimum number of cycles is 

16, at a frequency of 2 Hz, because of the limited amount of 

time the subject can hold his eye steady and suppress 

blinking. Use of the extraocular muscles produces a clearly 

discernable artifact in the waveform. The number of segments 

averaged increases to a maximum of 128 at frequencies higher 

than 16 Hz. The averaging is carried out on a point-by-point 

basis. For example, the first point of all of the two-cycle 

responses is averaged to produce the first point of the final 

waveform. This averaged waveform is displayed on the PDP-12 

oscilloscope. A typical result for a normal subject is shown 

in Figure 4. At the operator’s discretion, the frequency can 

Figure 4. A typical normal sinusoidal ERG waveform (one cycle 
only.) The frequency of stimulation is 42 Hz. 
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be repeated or the result can be stored in one block of a 

LINC tape by the minicomputer. In addition to the sinusoidal 

ERG, a flash ERG is taken using the same averaging methods. 

As mentioned before, this is done to provide a reference for 

the clinician, and the results are not considered in this 

thesis. 

Five main variables influence the shape of the sinusoidal 

ERG. For the purposes of this paper, four have been assigned 

fixed values for all experiments: 1) Area of Stimulation. 

The light scattering properties of the fluids inside the eye 

make it very difficult to stimulate only one specific area 

with any degree of accuracy. This leads to problems with 

interpretation and reproducibility of results. To eliminate 

this difficulty, the ganzfeld, or full field stimulation, is 

used. The pupil is dilated, giving maximum light penetration 

and constant area. 2) Brightness. The sinusoidal stimulus 

used in the tests has a mean light level of 6.7 ft,-lamberts, 

corresponding to a mean current of 10 mA to the glowmodulator. 

3) Color. The light source produces white light. The combi¬ 

nation of white light and the chosen brightness level insures 

that only the cone system is tested. 4) Modulation. The 

maximum brightness modulation that the system achieves is 98$. 

For higher figures, the glowmodulator tends to cut off com¬ 

pletely at the minimum of some cycles, thus destroying the 

sinusoidal nature of the stimulus. 
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The variable factor for the test is the frequency of the 

brightness variation* Frequencies vary from 2 to 54 Hz. Two 

hertz is selected as the minimum frequency because of patient 

limitations. For slower rates of stimulation, the patient is 

often unable to hold his eye still for a long enough period 

of time to accumulate responses for averaging. The high end 

of the frequency range is determined by size of the responses 

recorded. For frequencies higher than 54 Hz, the amplitude 

of even the normal response goes down rapidly. At that high 

a frequency, one approaches the critical fusion frequency 

(CFF). The CFF, a measure of the time-resolving power of the 

eye, indicates the minimum frequency at which repetitive 

stimuli appear to fuse together into a continuous stimulus. 

The CFF, a function of both flicker intensity and retinal 

location, rises to a maximum around 50 Hz.* For the two 

highest frequencies tested, one is at or above the psycho¬ 

physical threshhold represented by the CFF. It is interesting 

to note that a measurable response exists at 54 Hz, even though 

the patient perceives the stimulus as a constant light. In 

the range from 2 to 54 Hz, 17 different frequencies are tested 

in the following sequence: 3# 5» 8, 12, 20, 24, 32, 42, 54, 

2, 4, 6, 10, 16, 20, 28, 36» and 48 Hz. Twenty Hz is tested 

twice. This method of frequency ordering is chosen as a 

check on changes in test conditions (such as displacement of 

the light source or patient movement), possible adaptation 

trends, and reproducibility during the experiment. Figure 5 
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Figure 5. Summary display of the results of a sinusoidal ERG 
for a normal subject. The frequency of stimulation 
increases from top to bottom of the display. These 
frequencies range from 2 Hz to 5^ Hz. 
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shows the summary display of an entire ERG test on a normal 

subject, as displayed on the oscilloscope of the PDP-12. 

C. SELECTION AND DISPLAY OF RESULTS 

Once a test has been completed, the data from each 

patient eye is evaluated with Fourier techniques. The halves 

of the two-cycle averaged waveform at each frequency are 

averaged again to produce a single cycle, and then an FFT is 

performed. Experimentation shows that the first four harmonics 

are sufficient to reproduce the ERG of a normal subject quite 

well. The high frequency notches are missing on the calculated 

waveforms for low stimulation rates, but the shape of the 

response and the simulation share the same major shape charac¬ 

teristics. For high stimulation rates, the simulated and 

actual response are extremely similar (see Figure 6). The dc 

component of the ERG waveform is ignored. Cornea-retina 

resting potentials, electrode polarization potentials, and 

amplifier dc-offset influence this value, making it difficult 

to separate the contribution of the retina. Therefore, 

eight parameters (magnitude and phase of the first four har¬ 

monics) are calculated and stored for each eye tested. The 

Fourier analysis cuts the amount of data storage per patient 

by a factor of (36)(256)/l6, or approximately 576, and conveys 

the important information contained in the waveform. In 

addition, the decreased number of data values facilitates 

analysis. The Fourier coefficients, magnitude and phase of 
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Figure 6. Comparison of the simulated waveform (calculated 
with the Fourier coefficients for the first four 
harmonics) and the actual response. Numbers in 
the middle indicate the frequency of stimulation 
for that particular response. 
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each harmonic, are displayed in graphs such as those in 

Figure 7. This curve depicts frequency of stimulation versus 

magnitude of harmonic 1 (Ml) for a typical normal. The log 

scaling is used because of the large range of data point values 

Figure 7 also shows frequency versus phase of the first har¬ 

monic (PI) of the same normal. The second, third, and fourth 

harmonic graphs of the subject appear in Figures 8, 9, and 10, 

respectively. Note that the phase curves appear on a scale 

of -720° to 720°. The values that result from the FFT are 

automatically between 0° and 360°; many of the points dis¬ 

played have been shifted multiples of 360° to produce the 

straight lines displayed on the graphs. Criterion for this 

shift are presented and discussed later in this thesis. 

Once the procedures for acquiring and analyzing data are 

developed, the reliability of the results must be investigated. 

The two main considerations are system noise and accuracy of 

the FFT coefficients. In order to study both of these problems 

a pure sinusoid is fed directly into the pre-amp located in 

the shielded room. The sinusoid involved is the modulating 

voltage for the glowmodulator, passed through an RC network. 

This procedure results in a fixed phase angle between the 

input and output. Provisions are made in the ERG program to 

reduce the amplitude of the modulating voltage, and the highest 

gain of the amplifier system is employed to insure the 

greatest sensitivity to noise. The sinusoidal ERG test is 

run exactly as though the input to the system is originating 
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Figure 7. Results of the Fourier analysis of the sinusoidal 
ERG. Shown are first harmonic coefficients for 
a normal subject. The horizontal axis represents 
log frequency of stimulation in Hz. Graphed 
vertically are (a) Ml in tor., and (b) PI in 
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Figure 8. Results of the Fourier analysis of the sinusoidal 
ERG. Shown are the second harmonic coefficients 
for a normal subject. The horizontal axis repre¬ 
sents the log frequency of stimulation.in Hz. 
Graphed vertically are (a) M2 in fiv., and 
(b) P2 in degrees. 
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Figure 9. Results of the Fourier analysis of the sinusoidal 
ERG. Shown are third harmonic coefficients for a 
normal subject. The horizontal axis represents 
log frequency of stimulation in Hz. Graphed ver¬ 
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Figure 10. Results of the Fourier analysis of the sinusoidal 
ERG. Shown are fourth harmonic coefficients for 
a normal subject. The horizontal axis represents 
log frequency of stimulation in Hz. Graphed 
vertically are (a) M4 in uv.t and (b) F4 in 
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in a retina. The test is run at a frequency of J2 Hz. The 

sinusoidal ERG is run 10 times, with the amplitude of the 

input signal set at 100 JJCV peak-to-peak. The input amplitude 

is then halved, and the ERG test is performed 10 times more. 

An input amplitude of 25 ).xv peak-to-peak is then utilized for 

10 more tests. This procedure continues until the FPT mag¬ 

nitude output does not decrease proportionally with decreasing 

input amplitude or until the phase begins to vary by a large 

amount. The experiment is repeated for three different capa¬ 

citor values, with the resulting phase angles being 85°, 4l°, 

and 13°. Mean and standard deviation of the magnitude and 

phase values for each set of 10 exams is graphed in Figure 11 

(first harmonic results only). An examination of these curves 

reveals that the magnitude value at which the phase data 

becomes unreliable depends on the mean phase angle. At 4l°, 

the variation of the phase is only 5° with an amplitude value 

of .41 yx peak-to-peak, while in test 1 (85°)1 phase varies 

69° with a coresponding mean magnitude of .61 j/.v. This phase 

relationship occurs because the FFT output consists of real 

and imagniary components, from which magnitude and phase are 

subsequently calculated. When the phase angle is close to 

90°, the real component is almost zero. Thus, a small change 

in the real part can have a large effect on the ratio of the 

imaginary to real components. When the phase angle is close 

to 45°, the real and imaginary components are nearly equal, 

and a small change in either has little effect on the 
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Figure 11. Results of reliability tests. Horizontal axis 
designates the proportion of the original input 
which is applied to the system. The crosses 
indicate the mean value for the 10 tests run at 
that input level, while the horizontal bars 
designate one standard deviation. If these bars 
are not visible, the standard deviation is so 
small it is hidden in the span of the cross, (a) Ml 
in py, test 1. (b) Ml in py, test 2. (c) Ml in 
py, test 3. (cL) PI in degrees, test 1. (e) PI in 
degrees, test 2. (f) PI in degrees, test 3. 
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calculated phase value. Near 0°, when the imaginary component 

is near zero, the ratio of Im/Re will remain small for minor 

variations in the individual components. As expected, trial 

3 (a phase angle of 13°) shows only a 14° variation for a 

mean amplitude of .31 /tv, which, is much smaller than the devi¬ 

ation that occurs at 85°. The second, third, and fourth 

harmonic data must also be examined. Since the input signal 

to the system is a pure sinusoid at the sampling frequency, 

the output of the FFT should have contained only values of 

zero or 180° for these harmonics. Thus, all magnitudes 

greater than zero can be classified as error due to noise. 

The mean value of the noise falls at .5 /Cf for all harmonic 

magnitudes, while the phase varies so greatly that it is 

meaningless. As a result of these tests, the magnitude and 

phase values for all harmonics are considered to be reliable 

as long as the magnitude is greater than .5 /tv peak-to-peak. 

Application of these reliability tests to data used in evalu¬ 

ation procedures will be discussed in each of the appropriate 

sections. 

IV. DATA ANALYSIS 

The Fourier coefficients resulting from the sinusoidal 

ERG are analyzed in three ways. First, mean and variance are 

calculated for normals and R.P. patients for each harmonic, 

and displayed on graphs such as those in Figures 7-10. This 

method provides some insight into the variability of sinusoidal 
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ERG results among people in the same general group. Second, 

a cluster analysis is performed on the normals and on the 

R.P.'s, to search for groups among the population and to 

provide a basis for a classification scheme. Third, an 

analysis is carried out based on phase data alone. The 

purpose of this evaluation is to develop another classifi¬ 

cation scheme based on phase parameters. A basic requirement 

of all classification procedures is that they can be carried 

out on the PDP-12. The clinician must have access to this 

type of minicomputer in order to carry out the test, while 

access to a larger computer may not be feasible. The goals 

of the classification schemes are to use sinusoidal ERG 

results to differentiate between normal and R.P. subjects, 

and to divide the R.P. patients into groups that may have a 

physiological significance to the clinician. Thus, any 

immediate usefulness of the sinusoidal ERG can be detected, 

and this analysis can indicate the direction of future research 

in this field. 

A. FIRST APPRAISAL 

As a first appraisal of the data, mean and standard devi¬ 

ation an each frequency are calculated. Results from all the 

normals are used, a total of 16 subjects or 32 eyes. For the 

R.P. calculations, both eyes of 15 patients and one eye of 

the sixteenth patient are utilized. These patients have the 

largest amplitude responses among the R.P.'s, and will 
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therefore probably approach the normal response most closely. 

Also, the amplitudes involved are larger than the magnitude 

limit on data reliability established in the preceeding 

section. The objectives of this evaluation are to examine 

data variability and to see if the two groups differ in the 

shape of the Fourier graphs. The results can best be seen 

by considering the graphs of mean and variance for each har¬ 

monic presented in Figures 12-15. The variables displayed 

are frequency of stimulation versus either magnitude or phase 

in degrees. The mean is plotted with one standard deviation 

above and below it indicated by the horizontal bars. Since 

the thickness of the Visculose layer under the contact lens, 

bubbles in this layer, distance from the light source to the 

retina, and pupil size can all affect the absolute amplitude 

of the response, the magnitude data are normalized before 

any calculations are made. The method chosen is to shift the 

curves up or down in order to make the average of the two 

20 Hz values identical for all patients. Twenty hertz is 

selected as the basis for this scaling because this frequency 

is tested twice, and therefore more confidence is felt in 

the average value of the two tests. In addition, this fre¬ 

quency falls in the middle of the testing range. Other nor¬ 

malizing methods have been tried, such as making the average 

value over the 18 data points constant. Another scheme 

involves calculating the mean before normalization. Then 

each patient graph is scaled to minimize the squared distance 
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between it and this "average" curve. Figure 16 shows the 

mean-standard deviation graph of the magnitude of the first 

harmonic (Ml) for the original normal data, and for each nor¬ 

malization scheme. While all the schemes decrease the vari¬ 

ation to some extent, none of the methods has a clear-cut 

advantage. Therefore, the 20 Hz method is used, since it is 

the fastest and the easiest to implement. Unless otherwise 

specified, all subsequent magnitude data will be normalized 

in this manner. Also, in all future magnitude graphs, a 

normalized scale of units will be used, since to indicate 

"microvolts" would be misleading. For example, the 20 Hz 

average of the Ml data will be moved to a value of .02 on 

this new scale. Also, note that in all graphs, the horizontal 

scale is referred to as "log" frequency of stimulation. 

This notation is used to highlight the logarithmic scale used 

to display the frequency axis. Similarly, the notation "log" 

magnitude is employed. Naturally, the phase values are not 

scaled, and will continue to be displayed in degrees. 

Figure 12 shows the results of calculations of Ml and PI 

values for the 32 normal eyes and the 31 B.P. eyes. Of 

course, the standard deviation of the Ml values is small near 

20 Hz, owing to the method of normalization. It is not zero, 

since the average of the two 20 Hz points is used for scaling. 

Deviation around the other points is fairly small for the 

normals, except for the middle frequencies. Thus, at the 

high and low ends of the frequency range, the Ml results are 
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Figure 12. Results of the Fourier analysis of the sinusoidal 
ERG. Shown are first harmonic coefficients. The 
horizontal axis represents log frequency of stimu¬ 
lation in Hz. Graphed vertically are (a) Log Ml 
in normalized units for 31 normal eyes, (b) PI in 
degrees for 31 normal eyes, (c) Log Ml in norma¬ 
lized units for 31 R. P. eyes, and (d) PI in 
degrees for 31 R. P. eyes. Crosses indicate the 
mean of the group, while the horizontal bars 
designate one standard deviation within the group. 
Double horizontal bars imply that the standard 
deviation falls outside of the scale of the graph. 
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Figure 13. Results of the Fourier analysis of the sinusoidal 
ERG. Shown are second harmonic coefficients. The 
horizontal axis represents log frequency of stimu¬ 
lation in Hz. Graphed vertically are (a) Log M2 
in normalized units for 31 normal eyes, (b) P2 in 
degrees for 31 normal eyes, (c) Log M2 in nor¬ 
malized units for 31 R. P. eyes, and (d) P2 in 
degrees for 31 R. P. eyes. Crosses indicate the 
mean of the group, while the horizontal bars 
designate one standard deviation within the group. 
Double horizontal bars imply that the standard 
deviation falls outside of the scale of the graph. 
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Figure 14. Results of the Fourier analysis of the sinusoidal 
ERG. Shown are third harmonic coefficients. The 
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lation in Hz. Graphed vertically are (a) Log M3 
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the graph. 
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Figure 15. Results of the Fourier analysis of the sinusoidal 
ERG. Shown are fourth harmonic coefficients. The 
horizontal axis represents log frequency of stimu¬ 
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quite uniform, giving rise to a characteristic shape for 

normal data. Deviation for the normal PI graph is small at 

all frequencies. The R.P. graphs, on the other hand, reveal 

a large deviation at most frequencies. However, a shape 

difference does exist between the means of the normals and 

R.P.'s, increasing the likelihood of separating the two groups 

by using the sinusoidal ERG. The large deviation in patient 

data confirms the necessity for finding clusters within this 

group. Figure 13 shows the magnitude and phase of the second 

harmonic. Note that the deviation has increased for both 

types of subjects, although the P2 values for normals display 

only a small variation. There is still a significant dif¬ 

ference in the shape of the M2 curves for the normals and the 

R.P.*s, especially at low frequencies. Figures 14 and 15 

show the third and fourth harmonic results, respectively. At 

these higher harmonics, the standard deviation is extremely 

large for most frequencies of the R.P. results. In addition, 

for these harmonics, the absolute magnitude of the majority 

of the R.P. values are well below the limit of reliability 

established in Section IIIC. The normal subjects show much 

less variation, especially for the third harmonic. Studying 

these results leads to the conclusion that, while four har¬ 

monics are needed to reconstruct a normal waveform, the first 

two are the only data consistent enough, among both normals 

and these R.P.*s, to be used as a basis for classification. 

Even though clustering would reduce the standard deviation, 
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R.P. data amplitudes are below the threshhold of reliability 

of the system. Thus, this preliminary survey of the sinu¬ 

soidal ERG has resulted in four conclusions: 1) Data should 

be normalized to eliminate variable amplitude factors, 2) Shape 

differences in the Fourier graphs do exist between normals 

and R.P.'s, 3) The first two harmonics provide the most 

reliable information, and U) Groups should be separated within 

the normal and R.P. population to reduce variation. 

B. K-MEANS CLUSTERING 

In order to differentiate between groups within the 

main population, based on the Fourier coefficients, a cluster 

analysis is performed. Clustering is defined as the grouping 

of similar objects. Since the advent of the computer, there 

has been an extensive development of clustering principles, 

and an increasing use of clustering algorithms in such varied 

fields as taxonomy, medicine, psychiatry, archaeology, and 

phytosociology. "The principle functions of clustering are 

to name, to summarize, to predict, and to require expla- 
7 

nation. "f To describe an algorithm, it is necessary to define 

the meaning of a cluster, the data type, and the meaning of 

similarity. A large number of algorithms are available in 

the literature. The K-Means algorithm is chosen for the 

clustering of sinusoidal ERG data. The main reason for this 

choice is that it does not conflict with computer limitations. 

Implementing the K-Means algorithm on the PDP-12 uses almost 
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all of the 8K of memory and forces limits on the number of 

patient eyes which can be included in the clustering. The 

K-Means algorithm requires storage of only two sets of inter¬ 

mediate data, while more complex procedures, such as joining 
O 

algorithms, use much more storage space and computer time. 

In addition, the means of the clusters can become the basis 

for a classification scheme which can also be implemented on 

the minicomputer. 

The K-Means algorithm has been called "hill climbing 
O 

least squares." Its object is to divide cases so that those 

within clusters are close, in some sense, and cases in dif¬ 

ferent clusters are distant. The error e(P(K,K)) is defined 

as the discordance between the data and a partition of M 

objects into K clusters, called P(K,K). Thus, one desires 

the partition that, for a given M and K, will minimize 

e(P(K,K)). For any large M or K, the amount of possible 

partitions precludes searching through them all. Instead, 

the technique of local optimization is applied. A neigh¬ 

borhood of a partition P is defined as all other partitions 

that can be reached by changing the assignment of one case in 

the initial clustering P. Local optimization involves taking 

an initial clustering P with error e(P), and searching through 

the neighborhood of P for a partition with error less than 

e(P). The partition with the minimum error becomes the new 

initial clustering, and its neighborhood is searched. The 

algorithm stops when the error is not reduced by movement to 
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the neighborhood. The resulting clustering is then locally 

optimal. 

The actual computation involved in the K-Means algorithm 

is very simple. The following definitions are made: 

K= the number of clusters desired 

M= the number of cases 

N= the number of variables per case 

P(M,K)= the original partition of M cases into K clusters 

A(I,J)= the value of the Jth variable for case I 

B(L,J)= the mean of the Jth variable for cluster L 

N(L)= the number of cases in cluster L 

D(I,L)= distance between the Ith case and the Lth cluster 

e(P(N,K))= the error of the partition P(K,K) 

Initial clusters 1,2,...,K are assumed, and the cluster means 

B(L,J) are calculated for each variable and each cluster. 

The distance from each case I to its cluster L is found, 

where D(I,L) denotes the Euclidean distance: 

For each case I, the increase in error in transferring it 

from L(I), its present cluster, to cluster C is defined as 

X(L(I),C), and is calculated by: 

For case I, 1=1 to M, X(L(I),C) is calculated for all clusters 

L(I). The minimum X, called MD, is found. If this value 

is negative or zero, the appropriate case is moved to the 
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cluster C, means and distances are updated, and calculation 

of new X*s begins. If MD is positive, the algorithm has 

found the locally optimal clustering, and stops. 

The K-Means algorithm has two main problems. First, the 

final clustering is very dependent upon the original clus¬ 

tering chosen. Second, while the algorithm guarantees a 

local optimum, it does not always result in a global optimum. 

That is, if there exists a clustering such that all distances 

within a cluster are less than all distances between clusters, 
O 

K-Means might not discover this grouping. These difficulties 

arise because the algorithm can only move one case at a time; 

it can not look ahead several moves to plan the best stra¬ 

tegy. This is the penalty for an algorithm that requires 

only limited storage. In order to offset these problems, 

several original clusters should be chosen. In this analysis, 

two starting options are applied. First, each case is reduced 

to a single value, the sum of all variables. The minimum and 

maximum over all cases are found, and the range between 

divided into K intervals of equal length. Each original 

cluster consists of the cases in one interval, and the algo¬ 

rithm is run from this starting point. Second, several ori¬ 

ginal clusterings are chosen at random and the algorithm 

repeated for each. This procedure gives a hint about a likely 

value of the true global optimum from the spread of local 

optima. The final value of the error e(P(M,K)) for each 

partition is used as a measure of the separation of that 
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partition, and the grouping with the minimum error is chosen 

as the "best" clustering. Once a final clustering is decided 

upon, mean and standard deviation within each cluster are 

calculated and graphed, as a measure of closeness within a 

cluster and difference between clusters. 

The variables used for the clusterings consist of the 

magnitude and phase data for the first two harmonics. Each 

harmonic is treated separately. Before clustering, all 

magnitude data are subjected to a logarithmic scaling. There 

are two main reasons for this type of weighting of the data. 

First, the range of values in the data set is very large. 

The log transformation tends to "equalize", the relative value 

of the lower magnitude points. Second, some trial clus¬ 

terings based on the original data indicate that the separation 

between normal and R.P. is not as clear-cut without this trans¬ 

formation. Figure 17 shows a normal and an R.P. Ml graph for 

the original and transformed data. Studying these graphs, it 

becomes apparent that the log scaling increases the disparity 

in the clustering variables between these two patients. 

Therefore, all magnitude data has had a log transformation 

applied before clustering. In all magnitude clusterings, no 

attempt is made to compensate for the lack of reliability of 

some data points. Large deviations in the reliability tests 

(Section IIIC) occurred only for very small data values, and 

are large only in relation to the mean value. Even with the 

log transform, the contribution to the partition error by 
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these points is small, since it is the difference in mean and 

data value that comprises the error. After clustering, the 

mean and variance for each final cluster are displayed on 

the same type of graphs introduced earlier. The clustering 

algorithm is implemented using the assembly language of the 

PDP-12. Programs for the input of data, selection of original 

clusters, and output of the final clusters are written in 

FOCAL. 

As the first application of the K-Means algorithm to 

the sinusoidal ERG data, a clustering is performed on the 

first harmonic of the normal subject data. The magnitude 

and phase at 18 test frequencies produce 36 possible var¬ 

iables for each eye. Clustering procedures are applied to 

three combinations of variables: magnitude only, phase only, 

and both components together. Using the magnitude only (Ml), 

the algorithm is run with ten different starting clusterings. 

The first starting clusters are based on the sum of the 

variables, as explained earlier. Then two or three random 

choices are made, and the results examined. By looking at 

the data graphs for subjects in each cluster, trends are esti¬ 

mated and new original clusters are chosen. This procedure 

continues until a final clustering has appeared at least twice, 

and this clustering has the minimum error of all the other 

results. For Ml data, a two-clustering and a three cluster 

grouping are performed. The results of the two-clustering (Nl) 

are presented in Figure 18. The numbers identify the subject, 
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CLUSTER 1 NUMBER IN CLUSTER® 16 

3—R— 1 
7—L— 1 
15—L— 1 
13—R— 1 

CLUSTER 2 NUMBER IN CLUSTER® 15 

5—R— 1 
5—L— 1 
7—R— 1 
11—R— 1 

15—R— 1 
6—L— 1 
9—L— 1 
11—L— 1 

3—L— 1 
6—R— 1 
9—R— 1 
13—L— 1 

1—L— 1 
4—L— 1 
12—L— 1 
10—L— 1 

1—R— 1 
4—R— 1 
12—R— 1 
10—R— 1 

2—L— 1 
8—L— 1 
16—R— 1 
14—L— 1 

2—R— l 
8—R— 1 
16—L— 1 

Figure 18. Results of clustering Nl, based on Ml data from 
31 normal subjects. The method of clustering is 
the K-Means algorithm. The notation indicates 
the patient eye; for example, 4-L-2 represents 
the left eye of the fourth patient on tape 2. 
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eye, and tape. For example, 5-L-l refers to subject 5» left 

eye, on tape 1. The algorithm program has a space limitation 

of 31 eyes, therefore 14-R-l is not included in the clustering. 

There are several points of interest in this clustering. For 

example, each eye of a subject is treated as a separate case. 

The reason for this convention lies in the fact that one eye 

of an R.P. might be more affected than the other, and there¬ 

fore should be treated separately. However, in this normal 

clustering, all 15 of the subjects with both eyes represented 

have both eyes in the same cluster. This trend will be 

examined more closely in future clusterings. A three- 

clustering (N2) is performed to further separate the cases. 

Figure 19 presents the results. Cases 11 and 13 have been 

detached from the cluster 1 of N1 to form a separate group, 

and case 7-R-l has moved to cluster 2 of Nl. The graphs of 

this new partition (N2) are included in Figure 20. The main 

area of separation lies in the middle frequency range. Gene¬ 

rally, the mean of a cluster falls within one standard devia¬ 

tion of the mean of at least one other group, except in this 

region. Since the standard deviation is small for all fre¬ 

quencies tested, the three-clustering in N2 is chosen as the 

Ml classification basis for the normals, and no higher clus¬ 

tering is attempted. 

The next type of data to be considered is the PI data of 

the normals. A problem arises from the fact that the FFT 

program only generates phase values from 0° to 3^0°. The 
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CLUSTER 1 

11—L— 1 

CLUSTER 2 

5—R— l 
15—R— 1 
3—R— i 

CLUSTER 3 

1—R— 1 
8—1_— i 

16—L— 1 
12—L— 1 

NUMBER IN CLUSTER*1 

11—R— 1 13—L— 1 

NUMBER IN CLUSTER= 11 

6—L— 1 
9—L— 1 
9—R— 1 

7—L— i 
6—R— 1 
3—L— l 

NUMBER IN CLUSTER* 16 

2—L— 
10—L— 
1— L— 
2— R — 

4—L— 
10—R— 
16—R— 
7—R— 

13—R— 1 

15—L— I 
5—L— 1 

4—R— 1 
14—L— 1 
8—R— 1 
12—R— 1 

Figure 19. Results of clustering N2, based on Ml data from 
31 normal eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, 4-L-l represents the 
left eye of the fourth patient on tape 1. 
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Figure 20. Log frequency of stimulation in Hz. versus log 
Ml in normalized units, for normal eyes. Crosses 
indicate the mean value for subjects in the appro¬ 
priate group of N2, while the horizontal bars 
designate one standard deviation within the cluster, 
(a) Cluster 1. (b) Cluster 2. (c) Cluster 3. 
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K-Means algorithm does not have the ability to realize that, 

for example, 5° and 355° are close in value. This problem 

is solved by shifting appropriate points by multiples of 

360°. Thus, the 355° point becomes -5°, which the algorithm 

recognizes as close to 5°. In order to achieve a uniform 

type of shift for all eyes tested, three criteria are applied 

to each graph. Stated in order of importance, these rules 

are: 1) Shift all points in such a fashion as to make seg¬ 

ments from 2 to 20 Hz, and from 20 to 5^ Hz as close to con¬ 

tinuous curves as possible, 2) Make the slope as steep as 

possible without introducing differences between consecutive 

points of more than 360°, and 3) Make the two eyes of the same 

subject as much alike as possible without violating the other 

criteria. All phase data is shifted as outlined above before 

any clustering or classification is attempted. For the PI 

data, a two-cluster application of the K-Means algorithm is 

presented in Figure 21. A comparison of these clusters to 

the groups obtained using Ml (partition Nl) reveals few simi¬ 

larities. Of the 16 eyes in cluster 1 of Nl, eight are placed 

in cluster 1 and eight in cluster 2 of the PI grouping (N3). 

For two subjects, the left and right eyes are classed in 

separate clusters. According to the graphs in Figure 22, the 

only difference in the groups occurs at 12 Hz, and it is 

relatively minor. These observations indicate that the phase 

1 data, for all practical purposes, consists of only one 

group. To further confirm this deduction, clustering is 
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CLUSTER 1 NUMBER IN CLUSTER= 14 

6- -R— 1 7—L— ! 7—R— 1 8- -R— 1 
8- -L— 1 9—R— 1 10—L— 1 10- -R— 1 
15- -R — 1 16—L— 1 16—R— 1 11- -R— 1 
9- -L— 1 11—L— 1 

CLUSTER 2 NUMBER IN CLUSTER31 17 

3- -L— 1 4—R— j 5—L— 1 2- -R— 1 
1- —L— 1 1—R— 1 2—L— 1 3- -R— 1 
4- -L— 1 5—R— 1 12—L— 1 12- -R— 1 
6- -L— 1 13—L— 1 13—R— 1 14- -L— 1 
15—L— 1 

Figure 21. Results of clustering N3, based on shifted PI data 
from 31 normal eyes. The method of clustering is 
the K-Means algorithm. The notation indicates the 
subject eye; for example, 4-L-l represents the 
left eye of the fourth subject on tape 1. 



Page 51 

?ao -, 

5(oO - 

0 - 

-340 ■ 

-7-20 -I       .     

Z H 9 IL 3J. 

CCL) 

1x0 - 

SkO - 

£2 r 2 v r* — — 2* ?C 
o - 

-346 ' 

-7J0 ■» «   «   «   
A. *t 9 /L 3X. 

Figure 22. Log frequency of stimulation in Hz. versus PI in 
degrees. Crosses indicated the mean value for 
subjects in the appropriate group of N3, while the 
horizontal bars designate one standard deviation 
within the cluster, (a) Cluster 1. (b) Cluster 2. 
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performed on 36 variables, consisting of Ml and PI data. 

The original clusterings used for Ml only are again chosen as 

starting points, and the final clusters are the same as those 

obtained with the 18 magnitude variables alone. Thus, for 

purposes of classification, the normal PI data are treated as 

one group. 

The next type of data to be considered is the second 

harmonic of the normal subjects. The K-Means algorithm is 

applied to find two clusters, with the variables being the 

18 M2 values. The final clusters are set forth in Figure 23, 

as partition N4. Note that this is not as evenly divided a 

partition as Nl, with a 20-11 split versus a 16-15 division. 

Comparing this clustering with Nl reveals that of the 16 eyes 

in cluster 1 (Nl), 9 are partitioned in cluster 2 and 7 in 

cluster 1 of N4. Thus 9 of the 11 in cluster 2 and 13 of the 

20 in cluster 1 are also similar in Ml values. Also note 

that for N4, three of the subjects have left and right eyes 

in different clusters. When mean and standard deviation are 

calculated, variation for cluster 2 is small for all fre¬ 

quencies. However, cluster 1 has a large variation for low 

stimulation rates. Therefore, a three-clustering is carried 

out in order to reduce the deviation. The results are pre¬ 

sented in Figure 24. The only difference in N5 and N4 is 

that subject 11 has been split off to form a new group. 

Examining the graphs in Figure 25, it becomes apparent that 

subject 11 is the cause of the large variation at low 
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CLUSTER NUMBER IN CLUSTER= 20 

1—L— 1 
4—L— 1 
11—R— 1 
9—R— 1 
7—R— 1 

1—R— 1 
4— R— 1 
16—L— 1 
5— L— 1 
7—L— l 

2— L— 1 

S—L— 1 
16—R— 1 
3— R— 1 
10—R— 1 

2— R— 1 

8—R— 1 
14—L— \ 

3— L— i 
10—L— 1 

CLUSTER NUMBER IN CLUSTER® u 

5—R— i 

15—L— 1 
12—R— 1 

6—L— 1 
15—R— 1 
13—R— 1 

6—R— 1 
13—L— 1 
11—L— 1 

9—L— 1 
12—L— 1 

Figure 23. Results of clustering N4, based on M2 data from 
31 normal eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
subject eye; for example, 4-L-l represents the 
left eye of the fourth subject on tape 1. 
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CLUSTER 1 

5—R— 1 
13—L— 1 
9—j_— 1 

CLUSTER 2 

S—L— 1 
2—L— 1 
9—R— 1 
7—R— 1 
7—L— ! 

CLUSTER 3 

11—L— 1 

NUMBER IN CLUSTER* 

6—L— 1 12—L 
13—R— 1 15—L 
6—R— 1 

NUMBER IN CLUSTER* 

16—L-- 1 8—R 
2— R— j 1—L 

14—L— 1 5—L 
3— L— 1 16—R 
10—L— 1 10—R 

NUMBER IN CLUSTER* 

10 

— 1 
— 1 

19 

11—R— 1 

12—R— 1 
15—R— I 

1—R— 1 
4—R— x 

4—L— 1 
3—R— 1 

Figure 24. Results of clustering N5, based on M2 data from 
31 normal eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
subject eye; for example, 2-R-l represents the 
right eye of the second subject on tape 1. 
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Figure 25. Log frequency of stimulation in Hz. versus log M2 
in normalized units. Crosses indicate the mean 
value for subjects in the indicated group of N5» 
while the horizontal bars designate one standard 
deviation within the cluster, (a) Cluster 1. 
(b) Cluster 2. (c) Cluster 3. 



Page 56 

frequencies observed in N4. With this subject separated, the 

deviations have become small enough for this clustering to be 

used as the basis for classification using M2. It is also 

interesting to look at the absolute amplitude of subject 11. 

The magnitude of the second harmonic is much lower than 

normal at 20 Hz, causing the whole curve to be too large in 

relation to the other normals, after scaling. This subject 

is an elderly lady who has cataracts, and it is conjectured 

that this condition may have had an effect on her results. 

The phase of the second harmonic is the next data to be 

analyzed with the K-Means procedure. The similarities 

between the two-clustering based on P2, shown in Figure 26, 

and Nl, the two-clustering of Ml, should be noted. Out of 

18 eyes in cluster 1, N6, 14 are in cluster 1 of Nl, while 

11 of the 13 in cluster 2 are placed in cluster 2 of Nl. The 

exact Nl clustering was used as a starting clustering for P2 

data, but did not prove to be a minimum error grouping. Once 

again, all the subjects have both eyes classed in the same 

cluster. The graphs (Figure 27) show little difference 

between the two clusters. The main separation occurs in the 

range from 20 to 32 Hz, where cluster 1 values show a steeper 

rate of descent. When a three-clustering is attempted, the 

third cluster is formed by only one eye, and the other clusters 

remain the same. These observations indicate that two clusters 

are sufficient. Thus, a clustering of the normals for Ml, 

PI, M2, and P2 using the K-Means algorithm leads to six main 
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CLUSTER 1 NUMBER IN CLUSTER* 18 

4—1_— 1 4—R— 1 6- -L— 1 6- -R— 1 
7—L— 1 9—R— 1 12- -L— 1 12- -R— 1 
13—L— 1 13—R— 1 15- -L— 1 15- -R— 1 
9—L— 1 11—L— 1 11- -R— 1 7— -R— 1 
3—R— 1 3—L— 1 

CLUSTER 2 NUMBER IN O
 
r
 

c
 

CO
 
H
 

m
 

;a
 » 13 

1—L— 1 1—R— 1 2- —L— 1 2- -R— 1 
5—L— 1 5—R— 1 8- -L— 1 8- _R— i 

10—L— 1 
16—R— 1 

10—R— 1 14- -L— 1 16- ~L— 1 

Figure 26. Results of clustering N6, based on R2 data from 
31 normal eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
subject eye; for example, 2-R-l represents the 
right eye of the second patient on tape 1. 
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Figure 27. Log frequency of stimulation in Hz. versus P2 in 
degrees. Crosses indicate the mean valuë of 
subjects in the appropriate group of N6, while 
the horizontal bars designate one standard 
deviation within the cluster, (a) Cluster 1. 
(b) Cluster 2. 
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conclusions: 1) Three groups are necessary to reduce devi¬ 

ations in Ml, with differences occurring mostly in the middle 

frequency range, 2) Three groups are also needed for M2, 

although one group consists of only one subject, 3) PI can be 

characterized as one group, 4) P2 should be divided into two 

groups, although differences between groups are much less for 

phase data than for magnitude values, 5) Two cases that have 

the same cluster designation based on one harmonic will not 

necessarily have similar assignments for other harmonics, 

although this often occurs, and 6) When treated as separate 

cases, both eyes of a normal tend to be clustered together, 

indicating similar shapes of their magnitude and phase curves. 

The K-Means algorithm is next applied to the data from 

the R.P. patients. Thirty-one eyes are used in the clus¬ 

tering, chosen at random from 88 eyes. Only one eye of a 

patient is utilized, thus 31 different patients are repre¬ 

sented in the clusterings. The first grouping involves the 

Ml data. Figure 28 presents the two-clustering results. When 

mean and standard deviation are calculated, both clusters 

possess a large variation at all frequencies, indicating that 

a further breakdown is necessary. Figure 29 shows the result 

of a three-cluster grouping of the 31 eyes (R2). ' A comparison 

of cluster 1 of R1 and cluster 2 of R2 reveals.that the only 

difference lies in patient 9-L-2 being deleted and patient 

l-L-3 replacing it in the R2 group 2. Thus, the three 

clustering serves mainly to divide cluster 2, Rl, into a group 
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CLUSTER 1 NUMBER IN CLUSTER» 13 

IS—L— 2 
9—L— 3 

2—L— 2 
22—L— 2 

CLUSTER 2 NUMBER IN CLUSTER» 18 

3—1_— 2 4—L— 2 6—L— 2 11- -L— 2 
13—L— 2 14—L— 2 15—L-- 2 16- -L— 2 
17—L— 2 19—R— 2 20—L— 2 21- -L— 2 
23—L— 2 1—L— 3 3—L— 3 4- -L— 3 
7—L— 3 8—L— 3 

Figure 28. Results of clustering HI, based on Ml data from 
31 R. P. eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, 4-L-2 represents the 
left eye of the fourth patient on tape 2. 
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CLUSTER 1 

3— L— 2 
4— L— 3 

CLUSTER 2 

1—L— 2 
8—L— 2 
18—L— 2 
10—L— 3 

CLUSTER 3 

15—L— 2 
23—L— 2 
11—L— 2 

NUMBER IN CLUSTER* 8 

13—L— 2 21—L— 2 
8—L— 3 6—L— 2 

NUMBER IN CLUSTER* 13 

2—1_— 2 5—L— 2 
10—L— 2 12—R— 2 
1—L— 3 22—L— 2 

NUMBER IN CLUSTER* 10 

16—L— 2 19—R— 2 
7—L— 3 4—L— 2 

9—L— 2 

3—L 
14—L 

7—L— 2 

3 
3 

20—L 
17—L 

2 

Figure 29. Results of clustering R2, based on Ml data from 
31 R. P. eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, 3-L-2 represents the 
left eye of the third patient on tape 2. 
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of 8 and one of 10 eyes. The patients in cluster 2 have a 

more nearly "normal" shape, in that the 20 Hz point falls 

near the maximum of the curve (see Figure 30)» For patients 

in the other clusters, this value lies closer to the minimum 

of the graph. Note that these curves are scaled, therefore 

the actual values of patients in cluster 2 are not necessarily 

lower than those in the other groups, and the reliability 

criterion can not be applied directly. The standard deviation 

of these clusters shows an improvement over the R1 results, 

although it is still fairly large. Since a good separation 

exists between the three groups, these means will be used as 

a basis for a classification attempt. However, a four-clus¬ 

tering will also be carried out to reduce the standard devi¬ 

ation. Figure 31 presents the results of this grouping (R3). 

Note that the number of patients in each cluster is fairly 

uniform. While cluster 1 of R2 appears almost intact in R3 

(as cluster 3)> the other groups are divided. The mean-stan¬ 

dard deviation graphs in Figure 32 show that a good separation 

among the groups is achieved by R3. As expected, the standard 

deviation is slightly smaller than in previous clusterings. 

This grouping (R3) will be used as the basis for another 

classification of the normals and R.P.'s. Since the standard 

deviation is fairly small and the cluster means differ in 

shape, no further divisions will be attempted. 

For the next application of the K-Means algorithm, the 

Pi data is considered. The first consideration involves the 
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Figure 30. Log frequency of stimulation in Hz. versus log 
Ml in normalized units. Crosses indicate the 
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cluster. Double horizontal bars indicate that the 
standard deviation falls outside of the scale 
represented on the graph, (a) Cluster 1. (b) Cluster 
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CLUSTER 1 

3—L— 2 
4—L— 3 
15—L— 2 

NUMBER IN CLUSTER» 9 

13—L— 2 21—L— 2 
8—L— 3 6—L— 2 

3—L 
14—L 

CLUSTER 

18—L— 2 
12—R— 2 

CLUSTER 3 

8—L— 2 
2—L— 2 

CLUSTER 4 

16—L— 2 
7—L— 3 
9—L— 2 

NUMBER IN CLUSTER» 6 

1—L— 3 22—L— 2 
5—L— 2 

NUMBER IN CLUSTER» 7 

10—L— 2 9—L— 3 
7—L— 2 1—L— 2 

NUMBER IN CLUSTER» 9 

19—R— 2 20—L— 2 
4—L— 2 17—L— 2 

10—L— 3 

2—L— 3 

23—L— 2 
11—L— 2 

Figure 31. Besults of clustering B3, based on Ml data from 
31 B. P. eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, 4-L-2 represents the 
left eye of the fourth patient on tape 2. 
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Figure 32. Log frequency of stimulation in Hz. versus log Ml 
in normalized units. Crosses indicate the mean 
value for patient eyes in the appropriate group 
of R3, while the horizontal bars designate one 
standard deviation within the cluster. Double 
horizontal bars indicate that the standard devi¬ 
ation falls outside of the scale represented on 
the graph, (a) Cluster 1. (b) Cluster 2. 
(c) Cluster 3. (d) Cluster 4. 
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reliability of the PI data for R.P. patients. As explained 

earlier, the Ml clustering is not affected in any major 

fashion by the data variability for low magnitude values. 

For phase data, however, the values are of the same order of 

magnitude for all amplitude inputs. Thus, the unreliable 

values have as large an effect on the clustering as the data 

resulting from .magnitudes greater than .5 /tv. With this 

difficulty in mind, an examination of the absolute value of 

the R.P. Ml data is made. This study reveals that for the 

31 eyes involved in the clustering attempts, the mean number 

of points with magnitudes less than .5 par is 3«8 per patient 

eye. A further examination of the reliability experiment 

(Section IIIC) reveals that, unless the expected value of 

the phase is close to a multiple of 90°, the deviation of the 

phase mean is less than 15°• Thus, not all the points with 

magnitude less than .5 /tv will affect the clustering to any 

great extent. For these reasons, the phase points are used 

without any weighting due to reliability. Also, the phase 

points are shifted by multiples of 360°, to meet the criterion 

set forth earlier. A two-clustering is the first type to be 

carried out. The resulting groups are shown in Figure 33 (R4). 

The 31 eyes are divided evenly into clusters of 15 and 16. 

A large variation for most frequencies exists, therefore a 

three-clustering is performed (R5). Figure 3^ sets forth the 

results of this grouping, with the graphs of the mean and 

standard deviation in Figure 35» This grouping has an even 
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CLUSTER NUMBER IN CLUSTER= 15 

10— L— 3 
7—1_— 2 
3—L— 2 
11— L— 2 

9—L— 3 

12—R— 2 
1— L— 2 
2— L— 3 

5—L— 2 
17—L— 2 
19—R— 2 
1—L— 3 

18—L— 2 
13—L— 2 
2—L— 2 

CLUSTER 2 NUMBER IN CLUSTER= 16 

4—1_— 2 
14—L— 2 
21—L— 2 
4—L— 3 

6— L— 2 
15—L— 2 
22—L— 2 
7— L— 3 

9—L— 2 
16—L— 2 
23—L— 2 
8—L— 3 

10—L— 2 
20—L— 2 
3—L— 3 

8—L— 2 

Figure 33» Results of clustering R4-, based on PI data from 
31 R. P. eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, 3-L-2 represents the 
left eye of the third patient on tape 2. 
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CLUSTER NUMBER IN CLUSTER* 11 

4- 

21- 

L 
L 
L 

2 
2 

6—L— 2 
4—L— 3 
3—L— 3 

14—L— 2 
8—L— 3 
7—L— 3 

15— L— 2 
16— L— 2 

CLUSTER NUMBER IN CLUSTER* 10 

2—L— 2 
10—L— 2 
23—L— 2 

7—L— 2 
i i—L— 2 
20—L— 2 

8—L— 2 
2—L— 3 

CM 

3 

CLUSTER 3 NUMBER IN CLUSTER* 10 

17—L— 2 
10—L— 3 
5—L— 2 

18—L— 2 
1—L— 2 
3—L— 2 

19—R— 2 
13—L— 2 

9—L— 3 
12—R— 2 

Figure 3^* Results of clustering R5, based on PI data from 
31 R. P. eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, l-L-2 represents the 
left eye of the first patient on tape 2. 



Page 69 

HO 1 

3fc0- 

0 ■ 

-360 ■ 

-740 
A ^ $ ll.Z3.icrt 

fa) 

7Ao -i 

-740 1 « «   1 » 

JL H 8 il.3Ai.rt 

(b) 

1A0 -j 

360 - 

0 - 

-360 ' 

— 74O ■ | ■■■'■■ -T1-' ■   I ■ —T— -» 

JL rt 9 IL 33 44 

(£> 

Figure 35. Log frequency of stimulation in Hz. versus PI in 
degrees. Crosses indicate the mean value of patient 
eyes in the appropriate group of R5, while the 
horizontal bars designate one standard deviation 
within the cluster. Double horizontal bars indicate 
that the standard deviation falls outside of the 
scale represented on the graph, (a) Cluster 1. 
(b) Cluster 2. (c) Cluster 3* 
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distribution of the patients among the three clusters. An 

examination of the graphs reveals that the means in cluster 1 

and cluster 2 are quite linear for frequencies above 20 Hz. 

The standard deviation is fairly small for all these clusters, 

and there is a large difference in means. Therefore, this 

clustering will be used as a classification basis. However, 

a four-cluster grouping will also be found in order to attempt 

to reduce the standard deviation further. This clustering is 

very similar to R5 (see Figure 36). Cluster 1 of R6 is the 

same as cluster 1 of R5, with the exception of 9-L-3; cluster 

3 of R5 becomes cluster 2 of R6, after the removal of 7-L-3 

and 15-L-2. These two eyes are placed in one cluster. Thus, 

the four-clustering really made little change in the grouping, 

and the mean-standard deviation graphs reflect this fact. 

The cluster 1 and 3 results (see Figure 37) are nearly the 

same as the coresponding curves in Figure 35» The removal 

of two eyes from cluster 3 0*5) has mainly affected the high 

frequency portion of the slope. This clustering will also be 

used for classification. 

Next, the second harmonic data of the R.P. patients is 

investigated. The M2 data is first divided into two clusters, 

shown in Figure 38 (R7). A comparison of this clustering with 

R1 shows that 9 of the 10 eyes in cluster 1 and 17 of the 21 

in cluster 2, R7, are also grouped together in Rl. Calcu¬ 

lations of mean and standard deviation reveal a large dif¬ 

ference in both shape of the mean and size of the standard 
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CLUSTER 1 

3- 
12- 

1- 

NUMBER IN CLUSTER= 9 

17—L— 2 18—L— 2 
13—L— 2 5—L— 2 

10—L- 
19—R- 

CLUSTER 2 

4—L— 2 
4—L— 3 
3—L— 3 

CLUSTER 3 

8—L— 2 
2—L— 3 
7—L— 2 

CLUSTER 4 

7—L— 3 

NUMBER IN CLUSTER= 9 

6—L— 2 14—L— 2 
8— L— 3 16—L— 2 

NUMBER IN CLUSTER^ 11 

9— L— 2 10—L— 2 
23—L— 2 20—L— 2 
1—L— 3 2—L— 2 

NUMBER IN CLUSTER= 2 

15—L— 2 

11—L- 
9—L- 

Figure 36. Results of clustering R6, based on PI data from 
31 R. P. eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, 4-L-2 represents the 
left eye of the fourth patient on tape 2. 
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Figure 37. Log frequency of stimulation in Hz. versus PI in 
degrees. Crosses indicate the mean value for 
patient eyes in the appropriate group of R6, 
while the horizontal bars designate one standard 
deviation within the cluster. Double horizontal 
bars indicate that the standard deviation falls 
outside of the scale represented on the graph, 
(a) Cluster 1. (b) Cluster 2. (c) Cluster 3. 
(d) Cluster 4. 
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CLUSTER 1 

5—L— 2 

18—L— 2 
2—L— 2 

CLUSTER 

3—L— 2 
10—L— 2 
15—L— 2 
20—L— 2 
1—L— 3 
10—L— 3 

NUMBER IN CLUSTER= 10 

7— L— 2 
1—L— 2 
8— L— 3 

8—L— 2 
2—L— 3 

NUMBER IN CLUSTER3 21 

4—L— 

11—L— 
16—L— 
21—L— 
3—L— 

2 
2 
3 

6—L— 2 
13—L— 2 
17—L— 2 
22—L— 2 
4—1_— 3 

12—R— 2 
9—L— 3 

9—L— 2 
14—L— 2 

19—R— 2 

23—L— 2 
7—L— 3 

Figure 38. Results of clustering B7» based on M2 data from 
31 R. P. eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, 4-L-2 represents the 
left eye of the fourth patient on tape 2. 
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deviation between the two clusters; the standard deviation 

of cluster 2 is very large for all frequencies. The results 

of a three-clustering of M2 data are presented in Figure 39* 

Cluster 1 of R7 and cluster 1 of R8 are almost identical, 

while the 21-member cluster has been evenly divided. The 

mean-standard deviation graphs are displayed in Figure 40. 

Cluster 1 and cluster 3 have acceptably small standard devi¬ 

ation values, and the means differ in shape. The second 

cluster shows a very large standard deviation for almost all 

of the points. An examination of the absolute values of the 

patient eyes in this cluster reveals that an average of 8.9 

points per eye (out of 18 variables) are unreliable according 

to the criterion in Section IIIC. Since the variation in 

cluster 2 can thus be attributed mainly to the noise in the 

data, and not to a basic shape difference, no further clus¬ 

tering will be carried out. This grouping (R8) will be used 

for purposes of classifying with M2 data. However, note that 

the reliability of the data is fairly low, and thus any classi¬ 

fication results will be of only marginal usefulness. 

The last type of data to be considered is the phase of 

the second harmonic (P2). A study of the patient eyes in 

the clusterings shows that an average of 7 points per eye fall 

below the .5 jw level for the second harmonic. Also note that 

all of these points are of the same order of magnitude as 

the reliable data, and will have a large effect on the clus¬ 

tering. Thus, the use of the R.P. P2 data for clustering 
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CLUSTER 1 

7— L— 2 
10—L— 3 
8— L— 3 

CLUSTER 

3—L— 2 

10—L— 2 
17—L— 2 

CLUSTER 3 

19—R— 2 
1—L— 3 
11—L— 2 

NUMBER IN CLUSTER^ 10 

8—L— 2 
1— L— 2 
2— L— 2 

12—R— 2 
2—L— 3 

NUMBER IN CLUSTER- 10 

4—L— 2 
13—L— 2 
23—L— 2 

6—L— 2 
14—L— 2 

NUMBER IN CLUSTER^ 11 

20—L— 2 
3—1_— 3 

15—L— 2 

21—L— 2 
4— L— 3 
5— L— 2 

18—L— 2 
9—L— 3 

9—L 
16—L 

22—L— 2 
7—L— 3 

Figure 39. Results of clustering B8, based on M2 data from 
31 R. P. eyes. The method of clustering is the 
K-Means algorithm. The notation indicates the 
patient eye; for example, 5-L-2 represents the 
left eye of the fifth patient on tape 2. 
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Figure 40. Log frequency of stimulation in Hz. versus log M2 
in normalized units. Crosses indicate the mean 
value of patient eyes in the appropriate group of 
R8, while the horizontal bars designate one-half 
of a standard deviation within the cluster. 
Double horizontal bars indicate that the standard 
deviation falls outside of the scale represented 
on the graph, (a) Cluster 1. (b) Cluster 2. 
(c) Cluster 3. 
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purposes would produce no meaningful result, and will not be 

attempted. The K-Means clusterings for the R.P. data can be 

summarized in the following four points: 1) The Ml data is 

grouped into either three or four clusters, both of which will 

be used as a basis for classification, 2) The PI data is also 

divided into either three or four groups, although the results 

are very similar for these two groupings, 3) The M2 data is 

separated into three clusters, one of which contains many 

unreliable points and therefore has a large standard deviation, 

and *0 The P2 data is too unreliable to be used in clustering 

or for classification. In addition, a comparison of the 

final clusterings for all the harmonics reveals that the same 

eyes are not always grouped together; a similarity in one 

type of data does not always imply a similarity in any other 

of the Fourier coefficients. 

Once suitable clusters are found using the K-Means 

procedure on a sampling of eyes, a classification scheme is 

implemented with these clusters serving as the basis for 

grouping the rest of the eyes, both normal and R.P. The 

goals of these schemes are: 1) To separate the normals and 

R.P. patients automatically, and 2) To find groups among the 

patient population based on differences in the Fourier coef¬ 

ficients that have a correllation with some or all of the 

factors representing the condition of the retina. Classifi¬ 

cation is accomplished using a minimum distance criterion. 

The distance of a given case to each basis cluster is computed 
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as in the K-Means algorithm (see Section IVB), and the case 

is assigned to the group which yields the minimum distance. 

In addition to the cluster to which the eye is assigned, a 

second parameter of the classification is the distance to the 

chosen cluster. This type of scheme is applied to 88 R.P. 

and 32 normal eyes. Several types of basis clusters are 

used. Figure 4l lists the data type and number of clusters 

involved for each of the five proposed classification trials. 

Of first interest is the percentage of patient eyes that are 

correctly separated from the normals. Note that for all five 

schemes, all of the normals are correctly assigned to a 

normal cluster. Of the 88 R.P. eyes, 42 are classed as normal 

in at least one of the five schemes. Fifteen of the 42 are 

labelled as normal only on the basis of PI data (C3 and C4). 

One probable cause lies in the fact that many of the points 

are unreliable; the point-by-point clustering is perhaps not 

the best approach for this type of data. Another method of 

analysis will be carried out in a later section, which will 

discard unreliable data points. Also, a consideration of the 

distance of these cases to their clusters in C3 shows an 

average of 1054 (S.D.= 165). The maximum normal distance is 

462; this suggests an additional criterion for normality 

based on the maximum allowable distance. The addition of 

such a criterion would decrease substantially the number of 

false normals based on these PI schemes. Also, these eyes 

are classed as R.P. in the majority of classifications, which 
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CLASSIFICATION 
SCHEME 

DATA 
TYPE 

NUMBER 
OF 

CLUSTERS 

Cl Ml 6 

C2 Ml 7 

C3 PI 4 

C4 PI 5 

C5 M2 6 

Figure 41 Description of classification schemes using basis 
clusters from the K-Means results. Schemes will 
be applied to 32 normal and 88 R. P. eyes. 
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would tend to discount the assignment of a normal label to 

these patients. Another type of patient eye is one which is 

separated as normal in only one of the magnitude clusterings. 

Fifteen of the eyes fit into this category. Also, 10 of the 

15 are mislabelled in the C5 scheme, which is based on the 

marginally reliable M2 data. The distance of these cases to 

the normal cluster chosen ranges from 14-33 to 3872, with a 

mean of 2381; the average normal distance is 584-, with a 

maximum of 1191. Thus, in this set of eyes, the addition of 

the distance criterion will serve to discount all of these 

false normals. Five eyes are classed as normal using Ml 

data, in either Cl or C2. In Cl, the maximum distance of a 

normal is 958, with the minimum distance of the four R.P.'s 

being 1350» In C2, the distance of the R.P. case is 3680, 

while the maximum normal distance is 1002. Thus, once again, 

distance provides a useful criterion. The twelve remaining 

eyes have neither of the patterns set forth earlier. These 

eyes and their test scores are displayed in Table III, while 

Table IV lists each eye and the distance from it to the 

chosen cluster for all five of the classification schemes. 

Patients 6-R-2, 12-L-2, 10-L-3, and 14—R-3 are classed as 

normal in all classification schemes, while the other seven 

eyes are labelled as normal in at least two schemes. An 

examination of Table IV produces four groups: 1) Those whose 

distance is above the maximum normal distance in all the 

schemes (8 eyes total), 2) The eye (10-R-3) with a normal 
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TABLE III. SCORES OP R.P.'s CLASSIFIED AS NORMAL 

Using K-Means Clusters as Basis 

CASE VISUAL COLOR ERG EOG VISUAL 
ACUITY VISION FIELDS 

6-R-2 1 2 4 3 4 

12-L-2 1 2 1 1 2 

10-L-3 1 3 3 3 4 

10-R-3 1 3 3 3 4 

12-R-3 1 2 4 4 4 

14-L-3 1 - 2 1 1 

14-R-3 1 - 2 1 1 

19-L-3 1 1 3 1 3 

19-R-3 1 1 3 3 3 

20-L-3 1 1 3 1 3 

20-R-3 1 1 3 3 3 

21-R-3 2 4 4 3 4 

A (-) indicates that this test has not been administered to 

this patient. 
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TABLE IV. R.P.'S CLASSIFIED AS NORMAL WITH K-MEANS BASIS 

DISTANCE TO THE CHOSEN CLUSTER 

CASE Cl C2 C3 C4 C5 

6-R-2 1928 1972 530 530 1678 

12-L-2 405 418 329 329 727 

10-L-3 1141 1181 728 728 1865 

10-R-3 1499 1604 - - III5 

12-R-3 1400 1815 - mm — 

14-L-3 48? 497 260 260 1332 

14-R-3 602 615 269 269 1241 

19-L-3 1528 1806 - - 1880 

19-R-3 1770 1924 - - — 

20-L-3 1868 2009 - - 1654 

20-R-3 1300 1590 - - — 

21-R-3 1925 2104 - 1297 

Maximum 
Normal 958 1002 462 462 1191 

A (-) indicates that the eye was not classified as "normal" 
under than scheme. 
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distance in only one classification (C5), 3) The two eyes 

of patient 14-3, which possess a normal distance in all but 

C5, and 4) The eye with a normal distance in all of the 

classification schemes (12-L-2). The patient eyes in group 

1 can be eliminated by use of the distance criterion, as can 

eye 10-R-3, which is classified as normal in only one scheme. 

Thus, only three eyes remain: 12-L-2, 14-L-3, and 14-R-3. 

An examination of their test scores shows that these eyes fall 

in category 1 or 2 on all of the tests, indicating that these 

eyes are affected only slightly by R.P. Thus, the distance 

criterion, combined with the five classification schemes, 

has served to correctly separate all but the most mildly 

affected of the R.P. patients from the normal population. 

In order to carry out the second major goal of this 

evaluation, the results of the clustering scheme must be 

related to the physiological condition of the retina. This 

condition is represented by the seven factors mentioned in 

Section II. First, a statistical investigation is made of 

the relationship between these individual scores and the 

clustering parameters. Second, the results of the clustering 

schemes are separated into patterns and the scores for each 

pattern analyzed. 

The investigation of the association between the cluster 

parameters and the retinal factors is carried out using a 

statistical program, SPSS6, available with the IBM 360 at 

Rice University. Available for this study are 10 parameters; 
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cluster assignments and distances to the cluster for each of 

five classification schemes. The retinal factors include: 

1) Five test scores, 2) Amount of bone spicule present in 

the retina, and 3) Hereditary factor, or method of genetic 

transmission. The program CROSSTABS in the SPSS6 package is 

employed to investigate the relationship between the cluster 

assignments for each classification basis and the scores on 

the seven factors. This routine carries out a tabulation of 

cell frequencies. Also, various measures of the strength 
g 

and type of association between the two variables are found. 

Chi-square, Cramers V, lambda, and the uncertainty coeffi¬ 

cient are calculated for each combination of score and classi¬ 

fication scheme. The results of chi-square are presented in 

Table V. Chi-square is a measure of the discrepancy between 

the expected and actual cell frequencies; thus, the higher 

the value of chi-square, the more probable the relationship 

between the two quantities under consideration. However, the 

significance of the chi-square figure is also a function of 

the degrees of freedom; the level of significance included 

in Table V designates the probability of obtaining that large 

or larger a value of chi-square when the two variables are 

not related. Note that the flash ERG appears to be related 

to all the classification results. However, chi-square only 

implies that a relationship exists, it does not reveal the 

strength or nature of that relationship. Cramers V is a 

measure of the strength of an association, where 0 denotes 
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TABLE V. ANALYSIS OF K-MEANS CLUSTERING 

Chi-square and Level of Significance from SPSS6 

SCORE Cl C2 C3 C4 C5 

Visual 24.17 
Acuity .0193 

Color 17.03 
Vision .1484 

Flash 41.02 
ERG .0000 

EOG 16.84 
.1558 

Visual 24.19 
Fields .0192 

Pigment 14.35 
.2786 

Here- 
ditary 18.09 
Factor .1131 

27.47 10.68 
.0706 .2986 

19.98 11.87 
.3341 .2207 

49.09 24.69 
.0001 .0033 

23.11 10.19 
.1864 .3347 

20.35 15.31 
.3137 .0828 

27.51 17.88 
.0700 .0366 

31.90 19.22 
.0226 .0234 

17.17 28.81 
.1433 .0170 

26.24 24.88 
.0099 .0516 

28.43 40.81 
.0048 .0003 

13.25 33.29 
.3508 .0043 

21.48 22.87 
.0438 .0869 

19.13 14.24 
.0855 .5077 

10.22 19.45 
.0630 .1939 
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no relationship and 1 indicates that a high degree of asso¬ 

ciation exists. Another coefficient, lambda, provides a 

measure of the improvement in the ability to predict the 

dependent variable (scores) when the independent variable is 

given. The uncertainty coefficient reveals the proportion by 

which the "uncertainty" in the dependent variable is reduced 

by knowledge of the independent value. Table VI lists the 

results of the calculation of these coefficients by the 

CROSSTABS program. A study of this table reveals that the 

largest reduction in uncertainty (38.4$) and the largest 

Cramers V (.43) occur for the flash ERG with C2 results known. 

For all the magnitude clusters compared with the flash ERG 

scores, the uncertainty coefficient is of comparable magnitude. 

An examination of the cell frequencies (Figure 42) shows that 

for C2, clusters 1 and 4 contain only eyes with extinguished 

flash ERG's, while the other clusters contain a mixture of 

categories. For all other test scores, no large reduction in 

uncertainty or lambda value is found, while Cramers V tends 

to be about .30. Thus, no simple relationship exists between 

the cluster assignments and any of the other factors used to 

represent the physiological condition of the retina. 

The preceeding analysis utilized only pairs of test scores 

and the classification results. The other possibility involves 

classifying patients into groups according to the pattern of 

several classification parameters. The relationship between 

these groups and the test scores can then be investigated. 
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TABLE VI. ANALYSIS OF K-MEANS CLUSTERING 

Lambda, the Uncertainty Coefficient, and Cramers V 

SCORES Cl C2 C3 C4 C5 

Visual .0889 .0889 .0000 .1333 .1111 
Acuity .1223 .1551 .0577 .0916 .1537 

.3026 .3226 .2282 .3392 .3303 

Color .1177 .1177 .0980 .1373 .1569 
Vision .0918 .1153 .0676 .1578 .1320 

.2733 .2900 .3059 .3282 .3303 

Flash .1000 .1000 .0000 .0000 .0000 
ERG .3539 .3839 .1989 .2415 .3281 

.3942 .4301 .2158 .2460 .3931 

EOG .0000 .0303 
.1413 

.0303 .0303 .1212 
.1207 .0682 .0916 .1795 
.2773 .3248 .2495 .2955 .3899 

Visual .0000 .0000 .0000 .0000 .0000 
Fields .1552 .1492 .1145 .1715 .1878 

.3136 .3000 .2400 .2950 .3049 

Pigment .0000 .0000 .0357 .0000 .0000 
.1218 .1687 .1533 .1648 .1137 
.2578 .3568 .2877 .2976 .2567 

Here- 
ditary .0645 .1935 .2258 .2258 .0967 
Factor .1307 .1947 .1649 .1685 .1497 

.2934 .2011 .2550 .3103 .3044 
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CLUSTER 1 2 3 4 

1 0 0 0 28 

2 0 1 7 9 

3 0 2 3 10 

4 0 0 0 15 

5 0 0 1 0 

6 1 2 3 2 

7 0 0 0 4 

Figure 42. Display of the cell frequency table for C2 and 
the flash ERG. Clusters refers to the group of 
C2, while the other columns represent the cate¬ 
gories of the flash ERG test scores. 
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The patterns of the five classification schemes are set forth 

in Table VII, along with the number of patient eyes with each 

pattern. For example, entry 1 shows that 1 patient eye is 

classified as cluster 1 in Cl, cluster 1 in C2, cluster 1 in 

C3, cluster 1 in C4, and cluster 2 in C5. Two different 

separations have been made, based on either the two Ml schemes 

(C2 and Cl) or the two PI results (C3 and C4). The patterns 

chosen are set forth in Table VIII. The SPSS6 program 

CROSSTABS is once again employed to investigate the rela¬ 

tionship between these patterns and the retinal descriptive 

factors. Table IX displays the value of chi-square and its 

significance, while Table X contains the results of Cramers V, 

lambda, and uncertainty coefficient calculations. For both 

pattern groupings, the strongest relationship lies with the 

flash ERG. However, none of the scores have a strong enough 

relationship with a pattern group to be of clinical usefulness. 

Thus, this analysis has shown that no consistent rela¬ 

tionship exists between the cluster assignments of the K-Means 

algorithm and the factors that describe the physiological 

condition of the retina. Obviously, the choice of variables 

has been arbitrary. A large number of combinations of var¬ 

iables are possible, such as magnitude and phase values 

together, combinations of different harmonic values, and 

subsets of the Fourier coefficients. However, the investiga¬ 

tion that has been carried out points to the fact that the 

K-Means algorithm is not the best type of clustering approach 
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TABLE VII. PATTERNS OP K-MEANS CLASSIFICATION RESULTS 

C1-C2-C3-C4-C5 Cluster and Number of Eyes with This Pattern 

PATTERN NUMBER PATTERN NUMBER 
C C C c C OF C C C C c OF 
12 3 4 5 EYES 1 2 3 4 5 EYES 

111 1 2 1 1 1 1 1 5 1 
111 4 6 1 1 1 2 3 6 1 
1 1 3 1 4 1 1 1 3 2 1 1 
1 1 3 2 2 1 1 1 3 2 3 2 
1 1 3 2 4 3 1 1 3 2 5 7 
113 2 6 4 1 1 3 4 5 1 
1 1 3 4 5 2 1 1 3 4 6 2 
114 5 5 1 2 4 2 3 4 1 
2 4 3 1 5 1 2 4 3 2 4 1 
2 4 3 2 5 1 2 4 3 2 6 3 
2 4 3 4 3 1 2 4 3 4 5 3 
2 4 3 5 5 1 2 4 4 5 4 1 
2 4 4 5 5 1 3 2 1 1 6 1 
3 2 2 3 1 1 3 2 2 3 4 2 
3 2 3 2 3 1 3 2 3 4 6 1 
3 2 4 4 6 2 3 2 4 5 1 1 
3 2 4 5 4 5 3 3 1 1 4 1 
3 3 2 3 4 3 3 3 2 3 5 1 
3 3 3 1 5 1 3 3 3 2 4 2 
3 3 4 4 4 1 3 3 4 5 1 1 
3 3 4 5 3 1 3 3 4 5 4 3 
3 3 4 5 5 1 3 4 2 3 6 1 
5 2 3 2 4 1 5 2 3 2 5 1 
5 2 4 5 4 1 5 5 4 5 1 1 
5 6 1 1 1 1 5 6 3 2 1 1 
5 6 3 2 4 1 5 6 3 2 5 1 
5 6 3 4 6 1 5 6 4 5 1 2 
5 6 4 5 2 1 6 7 3 4 2 2 
6 7 4 5 2 1 6 7 4 5 6 1 
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TABLE VIII. PATTERNS USED TO EVALUATE K-MEANS RESULTS 

BASED ON 
Cl AND C2 

(PI) 

NUMBER 
OP 

EYES 

BASED ON 
C3 AND C4 

(P2) 

NUMBER 
OF 

EYES 

1 1 29 1 1 5 

2 4 14 3 2 31 

3 2 14 3 4 13 

3 3 15 4 5 22 

5 6 8 2 3 10 

6 7 4 mise. 7 

mise. 4 
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TABLE IX. ANALYSIS OF K-MEANS PATTERNS 

Chi-square and Level of Significance from SPSS6 

SCORES PI P2 

Visual 29.57 22.72 
Acuity .0419 .0902 

Color 18.13 27.33 
Vision .4471 .0262 

Flash 45.99 30.71 
ERG .0003 .0096 

EOG 25.38 14.78 
.1148 .4673 

Visual 29.70 24.54 
Fields .0405 .0565 

Pigment 19.19 21.26 
.3798 .1289 

Hereditary 26.14 26.77 
Factor .0966 .0306 
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TABLE X. ANALYSIS OP K-MEANS PATTERNS 

Lambda, the Uncertainty Coefficient, and Cramers V 

SCORE PI P2 

Visual .1111 .1556 
Acuity .1599 .1483 

.3347 .2934 

Color .1176 .1568 
Vision .1029 .1658 

.2820 .3462 

Plash .0500 .0000 
ERG .3701 

.4174 
.2598 
.3411 

EOG .0313 .0313 
.1619 .1058 
.3404 .2598 

Visual .0000 .0000 
Fields .2045 . .2090 

.3475 .3158 

Pigment .0000 .0357 
.1428 .1707 
.2981 .3137 

Hereditary .1936 .3226 
Factor .1725 .2362 

.3528 .2941 
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for the sinusoidal ERG data. This algorithm clusters on the 

basis of mean-case distances, and does not account for the 

possibility of large variation within a cluster. Thus, the 

K-Means algorithm works best when the clusters are fairly 

regular and well spaced. The normal subjects meet this 

criterion. However, the large distance of many of the patient 

eyes to the "closest" cluster indicates that the R.P.'s do 

not satisfy this requirement. The distances could be reduced 

by adding more basis clusters. However, the K-Means algo¬ 

rithm becomes more dependent on the starting clusters as the 

number of groups increases. In addition, the limitation on 

the number of eyes in the clustering (imposed by core space 

considerations) makes higher order clusterings impractical. 

For all these reasons, no further investigation of the R.P. 

data will be carried out using the K-Means algorithm. 

C. HIERARCHICAL CLUSTERING 

The K-Means algorithm, discussed in the preceeding 

section, was chosen in order to meet a basic specification 

of the problem, namely that all patient testing and evalu¬ 

ation could be carried out on the same computer (the PDP-12). 

However, the clustering methods that are suitable for data 

without a regular structure require more space than is 

available with the PDP-12. In order to continue to meet this 

specification, and at the same time carry out an appropriate 

clustering, the initial grouping is performed on the normals 
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and a subset of the R.P. patients, using a hierarchical 

method on the IBM 360. Next, classification is accomplished 

utilizing the PDP-12 and the basis clusters found on the 

larger computer. Since, in the clinical situation, only the 

classification is necessary, this strategy enables the basic 

requirements of the original problem to continue to be met. 

The clustering method is implemented by a subroutine 

called CLUSTER, available under the SAS76 statistical 

10 
package. This procedure begins by considering each case to 

be a cluster. The two nearest clusters are then combined into 

one cluster. Subsequently, the two closest of the new set of 

clusters are combined, and so forth. The algorithm concludes 

with all cases in one cluster. The distance between two 

clusters is defined as the maximum distance between a case in 

one cluster and a case in another cluster. Thus, unlike the 

K-Means algorithm, the mean of a cluster is not used as a 

point for distance calculations. However, like the K-Means 

procedure, the distance is Euclidean. The distance between 

two cases x and y is defined as 

d(x,y)= Uj-y^ ' (34^) 

where x^ and y^ are the vector of data values for the cases. 

The CLUSTER routine prints a cluster map which enables the 

user to choose a stage in the clustering with the desired 

number of groups. Thus, the procedure must be carried out 

only once in order to obtain any desired number of groups. 
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Note also that, since the cluster mean is not used, any data 

unreliability can have a large effect, especially for phase 

data. These values are of the same order of magnitude as the 

reliable data, and no averaging will diminish the effect, as 

in the K-Means algorithm. Thus, the PI data are not studied 

using this procedure. Also, the M2 and P2 data have been 

shown to be fairly unreliable, and will not be used with this 

hierarchical clustering procedure. Only the Ml data will be 

clustered. 

The SAS76 cluster routine is applied first to the normals, 

a total of 32 eyes. Since the normal results appear to be 

fairly uniform, a small number of clusters (NCL) is selected. 

The number of clusters to use can be decided upon by studying 

three quantities: the maximum distance between two cases in 

a cluster (maximum diameter), the number of distances within 

clusters, and the total number of distances less than the 

maximum diameter. By considering these numbers, one can judge 

the relative separation of the clusters. The results for 

NCL=4 are shown in Table XI, with the mean-standard deviation 

graphs in Figure 43. While the algorithm does not use this 

type of a criterion, it is useful to visualize the clusters 

by way of these familiar type graphs. Note that the standard 

deviation is very small for all clusters. A comparison of 

this clustering (N7) and the 3-clustering that resulted from 

the K-Means algorithm (N2) show that they are very similar. 
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TABLE XI. NORMAL CLUSTERS FROM HIERARCHICAL CLUSTERING 

NCL=4, SAS76 Cluster Routine 

CLUSTER 1 

1—L— 1 

CLUSTER 2 

1— R— 1 
14—R— 1 
2— R— 1 
16—R— 1 

CLUSTER 3 

3—L— 1 
7—R— 1 
5—R— 1 

CLUSTER 4 

11—L— 1 

NUMBER IN CLUSTER— 2 

4—R— 1 

NUMBER IN CLUSTER* 13 

10—L— 1 
15—L— 1 
4—L— 1 

10—R— 1 
12—R— 1 
8—L— 1 

NUMBER IN CLUSTER» 

3—R— 1 9—R 
5—L— 1 6—R 
15—L— 1 6—L 

NUMBER IN CLUSTER'S 

11—R— 1 

12 

4 

14—L 
2—L 
8—R 

1 
1 
1 

7—L 
9—L 
15—R 

1 
1 
1 

13—L— 1 13—R 1 
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Figure 43. Log frequency of stimulation in Hz. versus log Ml 
in normalized units. Crosses indicate the mean 
value of subjects in the appropriate group of N7, 
while the horizontal bars designate one standard 
deviation within the cluster. The method of 
clustering is the SAS76 hierarchical procedure, 
(a) Cluster 1. (b) Cluster 2. (c) Cluster 3. 
(d) Cluster 4. 
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Cluster 1 of N2 is the same as cluster 4 of N7; cluster 2 of 

N? is composed of cluster 2 of N2 and patient 7-B-l, while 

clusters 1 and 2 result from splitting cluster 3 of N2. The 

similarity between the two groupings occurs because the data 

is regular and the standard deviation small. Thus, both 

procedures return approximately the same result. These 

clusters will be used as basis groups for classification. 

The hierarchical procedure is next applied to the R.P. 

data. One advantage of using the large computer (IBM 360) 

lies in the number of cases that can be included in the clus¬ 

tering. For this procedure, 50 eyes (both eyes from 24 

patients and 1 eye from 2 patients) are utilized. The results 

of this clustering are reproduced in Table XII for 10 clusters 

to one cluster. Studying these results, one notes that the 

maximum diameter increases slowly until the step from 5 to 4 

clusters. Also, for 5 groups, Sl% of the distances are less 

than this maximum diameter. Therefore, the 5-clustering will 

be used as a basis for classification. The eyes in this 

grouping are shown in Figure 44, with the mean-standard 

deviation graphs in Figure 45. Note the large variation at 

several frequencies. Since the criterion of the algorithm 

does not include minimizing the distance from the mean, this 

result is not surprising. 

Before these clusters are used in classification, a 

further investigation is made of the separation between 

normals and R.P.'s, utilizing the CLUSTER algorithm. Since 
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TABLE XII. RESULTS OP HIERARCHICAL CLUSTERING 

Using SAS76 and 50 R.P. Patients 

NUMBER 
OP 

CLUSTERS 

MAXIMUM 
DIAMETER 

DISTANCES 
LESS THAN 
MAXIMUM 

DISTANCES 
WITHIN 
CLUSTERS 

10 46.85 851 364 

9 50.52 915 388 

8 52.93 949 392 

7 55.80 995 395 

6 60.40 1042 408 

5 76.43 1137 418 

4 90.22 1183 593 

3 103.72 1206 649 

2 144.59 1225 1225 

1 389.46 1275 1275 
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CLUSTER 1 

17—L— 2 
20—R— 2 

CLUSTER 2 

23—L— 2 

CLUSTER 3 

9—R— 2 
2—R— 2 
9—L— 3 
IS—R— 2 
7—R— 2 
12—L— 2 
1—R— 3 

CLUSTER 4 

16—L— 2 

CLUSTER 5 

3—1_— 2 
23—R— 2 
22—R— 2 
7—R— 3 

NUMBER IN CLUSTER3 

11—L— 2 11- 

NUMBER IN CLUSTER= 

20—L— 2 

NUMBER IN CLUSTER3 

5—L— 2 9- 
2—L— 3 1- 
2—L— 2 8- 
18—L— 2 2- 
5—R— 2 10- 
12—R— 2 10- 

NUMBER IN CLUSTER3 

16—R— 2 7- 

NUMBER IN CLUSTER3 

4—1_— 3 Q- 

15—L— 2 14- 
9—L— 2 3- 
6—R— 2 

5 

R— 2 9—L— 2 

25 

R— 3 22—L— 2 
L— 2 1—R— 2 
L— 2 8—R— 2 
R— 3 7—L— 2 
L— 3 10—R— 3 
L— 2 10—R— 2 

4 

L— 3 3—R— 2 

14 

R— 3 4—R— 3 
L— 2 8—L— 3 
L— 3 3—R— 3 

Figure 44. Results of clustering R9, based on Ml data from 
31 R. P. eyes. The method of clustering is the 
SAS76 hierarchical procedure. The notation indi¬ 
cates the patient eye; for example, 4-B-2 
represents the right eye of the fourth patient on 
tape 2. 



i i 1i>: :c i i 
H 

i :< I 
i :♦: 

i i 
i f 

V:‘A 

! I 
i 'T v 1 " i" ■■ r1 i 

* ? ? t ^ T 

r'ï 

•O 

ft- oo 

-"T 

ri 

O 

- ^ S 

U , », 

, i !*:<“ | 1 
K< I 
m\ 
l« I 

I X I 
i : •: i > l 

i :•: i I :< I i i 
i 

T‘ >■■ !■■-■■■ f 

. o* 

t- 

«* 

Vn <J — Vj n — y? * - • » • O OOO o • 

1 J 

, *• ■“ >1 
I. V- I i:< i 

it:;*/:) i 
|K| 

! « I i i 
I :% i 

i >: i 
! >: I 

i :* i 

I > •* 

r 1 i i ""T*" 

T* 

<* 
•n 

>00 

T • * o o o 

Page 102 

',:<v « 

R ' i:;; n 
! >• 

I :< I 
I :•: i 

i :•: i 
i : i 

\ >: I 
i :•: 

i i 
I » I 

"T ""I" 

i i-^r 

Oo 

I- *< 

'•? *i - £ *i — v> ^ - • *<4 Q O Q J « 
* , • O Q « 

f?* 
i;r, 1 

i:;:n 
I ;< i 

I :< I 
i >: 

! i 
i >: i 

M 
I::I 

i :•: t 

I 
-nTT" 

Vr> Vn 

„ tr- 

«*•> 

* Oo 

-w vi Vn — % o o o o 
% • <o o 

Figure 45. Log frequency of stimulation in Hz. versus log Ml 
in normalized units. Crosses indicate the mean 
value of patient eyes in the appropriate group of 
R9, while the horizontal bars designate one 
standard deviation within the cluster. Double 
horizontal bars indicate that the standard deviation 
falls outside of the scale represented on the 
graph, (a) Cluster 1. (b) Cluster 2. (c) Cluster 
3. (d) Cluster 4. (e) Cluster 5* 
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the IBM 360 can process a large number of cases, the 32 

normal and 50 R.P. eyes are clustered at the same time. In 

this procedure, the two groups remain separate until the stage 

from NCL=6 to NCL=5. At the six-cluster stage, the normals 

form one group and the patients form five. Thus, the choice 

of NCL=5 for the R.P. clusters seems to be the minimum number 

of clusters for which separation from the normals is achieved. 

Also, the five R.P. clusters are the same as those found 

earlier, with the exception of patient 12-2. This patient is 

grouped with the normals. An examination of the test scores 

reveals only l's or 2's; also, this patient was classified as 

normal in all of the K-Means procedures. As a result of this 

analysis, the classification will be carried out based on five 

R.P. clusters and four normal groups. 

Once the basis clusters have been found with the hier¬ 

archical method, classification is accomplished using the same 

minimum distance criterion outlined earlier (Section IVB). 

It should be noted that the distance criterion is not the 

same as that used by CLUSTER. This classification procedure 

is applied to both the normal and R.P. eyes. All of the normals 

are correctly separated. In addition, 11 R.P. eyes are grouped 

into a normal cluster. These eyes, the distance, and the 

scores are set forth in Table XIII. The maximum normal 

distance is 656; by setting a distance limitation of 1000, 

all but 3 of the 11 false normals can be eliminated. The 

remaining eyes (12-L-2, 14-L-3, and 14-R-3) have all the test 
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scores falling in categories 1 and 2, indicating that they 

are only mildly affected by R.P., if at all. Thus, the 

clustering arising from the hierarchical method has proven a 

successful basis for separating the normals and R.P.'s. 

In order to evaluate the relationship between the cluster 

results and the scores representing the condition of the retina 

the SPSSé program CROSSTABS is once again employed. Two sets 

of cluster parameters are analyzed: 1) Those eyes included in 

the clustering will be grouped according to the cluster in 

which the hierarchical procedure placed them (C6), and 2) All 

eyes (88 R.P.'s) will be grouped according to the clusters in 

which the classification procedure placed them (C7). Table XIV 

displays the chi-square and significance values for these 

groupings, while Table XV contains the lambda, uncertainty 

coefficient, and Cramers V values. For C6, the largest and 

most significant chi-square results occur for the flash ERG 

and pigmentation parameters, while the largest reduction in 

uncertainty exists with the flash ERG as the dependent variable 

As examination of these tables also reveals that the largest 

chi-square for C7 results from comparing the clusters with 

flash ERG and visual acuity scores. Lambda values indicate 

no large improvement in the ability to predict these scores 

from knowledge of C7> while the strongest relationship is 

connected with the flash ERG. An examination of the cell 

frequencies for the flash ERG and C7 in Table XVI shows that 
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TABLE XIV. ANALYSIS OP HIERARCHICAL CLUSTERING 

Chi-square and Level of Significance from SPSS6 

SCORE C6 C7 

Visual 18.12 36.41 
Acuity .1122 .0196 

Color 16.39 28.15 
Vision .1741 .1357 

Plash 23.53 45.97 
ERG .0236 .0013 

EOG 16.05 31.98 
.1891 .0589 

Visual 16.55 27.88 
Fields .1673 .1435 

Pigment 24.43 19.83 
.0177 .5322 

Hereditary 4.670 20.59 
Factor .7921 .4838 
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TABLE XV. ANALYSIS OP HIERARCHICAL CLUSTERING 

Lambda, the Uncertainty Coefficient, and Cramers V 

SCORE C6 C7 

Visual .1539 .1778 
Acuity .1372 .1821 

.3714 .3475 

Color .2500 .1176 
.1697 .1649 
.3514 .3606 

Flash .1875 .1000 
ERG .3524 .3678 

.4173 .3961 

EOG .1250 .0131 
.2041 .1878 
.3821 .3657 

Visual .0000 .0000 
Fields .2707 .2340 

.3367 .3541 

Pigment .0000 .0000 
.2218 .1480 
.3029 .4255 

Hereditary .1000 .0645 
.0858 .1458 
.3132 .2387 
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TABLE XVI. HIERARCHICAL CLASSIFICATION AND THE FLASH ERG 

Cell Frequency Table; Cluster Versus Category 

CLUSTER 1 2 3 4 

1 0 0 0 2 

2 0 0 0 2 

3 1 2 3 1 

4 0 0 0 0 

5 0 0 0 13 

6 0 3 11 20 

7 0 0 0 7 

8 0 0 0 20 

9 0 0 0 3 

Entries in table indicate number of eyes 

in the cluster with that score on L the flash 

ERG 
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all eyes in clusters 5» 7» 8, and 9 have extinguished flash 

ERG's, while a mixture of categories is found in cluster 6. 

Thus, as in the K-Means algorithm, neither of the groupings 

show a relationship which is of immediate usefulness. 

D. LEAST MEAN SQUARE PHASE 1 APPROXIMATION 

In the preceeding sections, the patients have been 

divided into groups based on a criterion for similarity that 

considers the data on a point-by-point basis. Another 

possibility consists of approximating a log frequency versus 

Fourier coefficient graph with a simple analytic function. 

For the magnitude graphs, this would be difficult. The 

complexity and wide variety of shapes, especially among the 

R.P.'s, would preclude any simple function of one or two 

parameters. Also, as mentioned earlier, the majority of the 

P2 data is unreliable, making such an analysis of this data 

worthless. Only the PI data remains to be considered. The 

segment of the PI data curve from 2 to 20 Hz is excluded 

because of the 180° discontinuity that appears in this range 

in many of the normals and R.P. patients (see Figure 46). 

However, a further consideration of the PI curve reveals that 

the segment from 20 Hz to 54 Hz can be closely approximated 

by a straight line (see Figure 47). Such an approach has 

three main advantages: 1) The number of dimensions has been 

reduced to two (slope and intercept), thus making a clustering 

based on these factors easy to visualize, 2) Unreliable data 
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3C,0 - 

O - 

-3*0 - 

-1*0 

? it* 32 L4 

Figure 46. Example of the 180° discontinuity found in 
the PI data. Graph depicts log frequency of 
stimulation versus PI in degrees for a normal 
eye. 
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Figure **7* The least-mean-square approximation to the PI 
curve from 20 to 5^ Hz. Graph shows log fre¬ 
quency of stimulation versus PI in degrees, as 
well as the straight line approximating function, 
(a) A normal eye. (b) An R. P. eye. 
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points can be removed before the approximation is made, thereby 

eliminating a source of error, and 3) The frequency of stimu¬ 

lation has been included in the parameter. The main disad¬ 

vantage lies in the loss of magnitude information. Also, the 

physiological significance of these values is difficult to 

interpret. The slope of the PI curve is related to delay 

through the system, but cannot be considered as a true delay. 

Not only does this parameter involve the first harmonic 

content of the output from a nonlinear system, but there is 

also a log transformation on the frequency before the approxi¬ 

mation is made. However, similar parameters have been of 

interest to other investigators. Pricker, using flickering 

light as an input, suggests a correlation between slope of a 

phase versus frequency of stimulation curve and visual fields 

for R.P. patients. Also, Berson considers the delay (implicit 

time) in flash ERG waveforms to be related to the genetic 

12-17 
type of R.P. ' In this thesis, a straight line approxi¬ 

mation to the PI curve is made, and the results are considered 

strictly as parameters to be used in grouping the normals 

and R.P. patients. 

Before an approximation is performed, many of the data 

values must be shifted by multiples of 3^0° to form the 

necessary straight line. Three criteria for such shifts have 

been set forth in Section IVB. However, two additional 
« 

criteria are needed for this analysis: 4) All points with 

magnitude less than .5 1XV are deleted before an approximation 
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is made, and 5) Patient eyes with less than four points having 

amplitude greater than .5 v are not included. These additional 

rules are introduced to compensate for the lack of reliabi¬ 

lity of some data points. Once the data have been shifted, 

a least mean square approximation to the straight line is 

performed. Of the 140 R.P. eyes considered, 14 are elimi¬ 

nated by criterion 5» For the 32 normal eyes and the remaining 

126 R.P. eyes, the absolute value of the slope is plotted 

versus the value of the approximating straight line at 20 Hz. 

Figure 48 presents the normal subject results. Note that the 

area covered by these eyes is very small, which is consistent 

with the earlier observation that for PI, the normals form one 

cluster. Figure 49 shows the results for R.P. eyes only. 

Both eyes of the majority of the patients are located in the 

same region of this graph. The circle encloses the area in 

which the normal eyes fall. Eight patients have eyes whose 

slope-intercept point falls in this area also (11 eyes total). 

Of these eight patients, five have only one eye in the normal 

area, while the other eye falls just outside of it. These five 

patients* scores on the tests mentioned in Section II reveal 

no particular pattern. However, the three patients with both 

eyes in the normal range show mostly l's or 2's. By con¬ 

sidering PI data only, 91# of the R.P. patient eyes are 

correctly classified. Also, this analysis provides an excel¬ 

lent opportunity to study reproducibility of the test results. 

Five patients have been tested twice, while one patient has 



Page 114 

Figure 48. Graph of parameters of least-mean-square approxi¬ 
mation to the PI segment. Slope of the line {in 
log frequency/degree units) versus the 20 Hz. value 
of the approximating function in degrees. Normal 
eyes only. 
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Figure 49. Graph of the parameters of a least-mean-square 
approximation to the PI segment. Slope of the 
line (in units of log frequency/degree) versus 
the 20 Hz. value of the approximating function. 
R. P. eyes only. 
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been tested three times. Figure 50 points out these patients. 

The prime (') indicates the results of the second test, while 

the double prime ('') marks the third set of data. The sinu¬ 

soidal ERG's for these patients are made approximately six 

months apart. Note that both trials place the patient in the 

same area of the graph. Thus, the PI data appears to be 

quite reproducible. Also, note that the points can be divided 

into three clusters, indicated in Figure $1, Clustering can 

be done visually in this two dimensional space, eliminating 

the need for a specific clustering algorithm. 

The analysis of the relationship between the slope- 

intercept values of the PI curve and the retinal factors 

utilizes an SPSS6 program called ANOVA.^ The amount of the 

variance in the dependent variable (slope or intercept) due 

to the independent variable (scores) is calculated, along with 

the F ratio, degrees of freedom, and level of significance. 

Table XVII reproduces the analysis of variance for the slope 

of the PI curve. Note that none of the scores explains any 

large proportion of the variation in slope values. The 

multiple R squared expresses the proportion of the variation 

in slope accounted for by the additive effects of the various 

scores. Thus, only 2^,6% of the variation is explained by 

the scores. However, both pigmentation and hereditary trans¬ 

mission method have significant F ratios. A multiple classi¬ 

fication analysis (NCA) points up the fact that the greatest 

deviation from the mean occurs for those eyes with no pigment. 
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Figure 50* Graph of the parameters of a least-mean-square 
approximation to the PI segment. Slope of the 
line (in units of log frequency/degree) versus 
the 20 Hz. value of the approximating function 
in degrees. R. P. eyes only. The prime indicates 
the results of the second test on the same patient, 
while the double prime designates the third set 
of data of that patient. 
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Figure 51* Graph of the parameters of a least-mean-square 
approximation to the PI segment. Slope of the 
line (in units of log frequency/degree) versus 
the value at 20 Hz. of the approximating function, 
in degrees. The dashed lines indicate the division 
of the eyes into three clusters. 
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Also, the recessive and dominant categories differ from each 

other by a large amount (see Table XVIII). Table XIX sets 

forth the relationship between the intercept value and the 

scores. Significant F ratios appear for visual acuity, flash 

ERG, and fields. Note that a significant F ratio merely 

indicates that at least one category of the score differs from 

the grand mean. In order to study the relationship in more 

detail, a MCA is performed. Table XX presents the results for 

the three scores. As in the other two clustering methods, the 

strongest relationship exists between the parameter and the 

flash ERG. The visual acuity has a much larger beta than eta 

value, while the fields has approximately the same value for 

both coefficients. In order to better visualize these results, 

Figures 52-54 display the magnitude of the slope versus the 

intercept value for these scores. In all three figures, an 

"x" indicates a "1" on the score, a diamond represents a "2", 

the cross stands for a "3"# and the hexagon represents a "4*'. 

The relationship between fields and degrees becomes clear by 

considering Figure 52. For high intercept values, the fields 

scores tend to be closer to normal. The flash ERG relationship 

to the intercept is also visible on the graph (Figure 53). 

For normal or only slightly reduced ERG's, the 20 Hz value is 

large. A study of the visual acuity graph in Figure 5^ 

shows no particular pattern. However, it should be noted that 

eta is small, while beta, the proportion after controlling for 

other factors, is the larger figure. Considering the points 
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TABLE XVIII. MULTIPLE CLASSIFICATION ANALYSIS FOB SLOPES 

Calculated by SPSS6 

VARIABLE N UNADJUSTED ADJUSTED FOR 
AND DEV'N ETA INDEPENDENTS 

CATEGORY DEV'N BETA 

Visual Acuity 
49 1 .01 -.00 

2 22 -.09 -.08 
3 10 .13 .13 
4 2 .20 

.31 
.23 

.30 

Color Vision 
1 13 -.02 -.06 
2 24 .03 .06 
3 31 -.05 -.02 
4 15 .07 

.19 
-.01 

.18 

Flash ERG 
1 4 .16 .17 
2 8 .12 .10 
3 15 .05 .01 
4 56 -.04 

.27 
-.03 C

M
 

C
M
 • 

EOG 
1 9 .08 -.00 
2 7 -.14 -.11 
3 36 -.02 -.02 
4 31 .03 

.22 
.05 

.19 

Visual Fields 
1 7 .03 .07 
2 3 .12 -.07 
3 23 .08 .08 
4 50 -.05 

.25 
-.04 

.24 

MULTIPLE R 
SQUARED .246 

GRAND MEAN = -.65 DEV'N indicates deviation 
from this mean 
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TABLE XX. MULTIPLE CLASSIFICATION ANALYSIS FOR INTERCEPT 

Calculated by SPSS 6 

VARIABLE N UNADJUSTED ADJUSTED FOR 
AND DEV'N ETA INDEPENDENTS 

CATEGORY DEV'N BETA 

Visual Acuity 
49 1 .01 .02 

2 22 -.01 -.01 
3 10 -.03 -.07 
4 2 -.01 -3* 

C
M
 • 

.01 
.40 

Color Vision 
1 13 .01 -.02 
2 24 -.01 -.02 
3 31 -.01 .01 
4 15 .02 H

 
C
M
 • 

.02 
.24 

Flash ERG 
1 4 .09 .09 
2 8 .05 .06 
3 15 .02 .02 
4 56 -.02 

M 
-.02 

.52 

EOG 
1 9 .04 -.03 
2 7 .02 .04 
3 36 .00 -.00 
4 31 -.02 

.29 
.00 

.23 

Visual Fields 
1 7 .05 .08 
2 3 .08 .04 
3 23 .01 .00 
4 50 -.02 

.41 
-.01 

.39 

MULTIPLE R 
SQUARED .^33 

GRAND MEAN = .50 DEV'N refers to deviation from 
this mean. 
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Figure 52. Graph of the parameters of a least-mean-square 
approximation to the PI segment. Slope of the 
line (in units of log frequency/degree) versus 
the value of the approximating function at 20 Hz. 
(in degrees.) Graph shows the locations of eyes 
with particular categories on the visual fields 
test. Category 1: x. Category 2: diamond. 
Category 3: cross. Category 4: hexagon. 
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Figure 53* Graph of the parameters of a least-mean-square 
approximation to the PI segment. Slope of the 
line (in units of log frequency/degree) versus 
the value of the approximating function at 20 Hz. 
(in degrees.) Graph shows the location of eyes 
with particular categories on the flash ERG test. 
Category 1: x. Category 2: diamond. Category 3: 
cross. Category 4: hexagon. 
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Figure 54. Graph of the parameters of a least-mean-square 
approximation to the PI segment. Slope of the 
line (in units of log frequency/degree) versus 
the value of the approximating function at 20 Hz. 
(in degrees.) Graph shows the location of eyes 
with particular categories on the visual acuity 
test. Category 1: x. Category 2: diamond. 
Category cross. Category 4: hexagon. 
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as clusters, one notes that almost all of those eyes in cluster 

3 have severely reduced flash ERG's, constricted fields, and 

a recessive mode of transmission. This relationship between 

the slope-intercept values and the fields scores confirms the 

correlation found by Pricker; for constricted visual fields, 

the slope is steep. However, while these conclusions are of 

interest to researchers, they do not lead to an immediately 

useful clinical result. 

V. CONCLUSIONS AND RECOMMENDATIONS 

This thesis has investigated the results of the sinu¬ 

soidal ERG, using the Fourier coefficients to represent the 

original waveforms. Three different methods have been employed 

to separate the normals and R.P. patients, all of which were 

fairly successful at this task. The two clustering algorithms 

produced the most consistent results. A comparison of the 

methods shows that some eyes are usually classified together 

by all schemes based on Ml. For example, of the thirty eyes 

classed as cluster 3 ty Cl, 29 are placed in cluster 6 by 

the hierarchical method. The same eyes are also usually 

separated into a normal cluster. For the Cl grouping, 16 

eyes are placed in a normal group; 11 of them are also 

"normal" in the hierarchical results, and no other eye is 

placed in a normal cluster. Note that this comparison does 

not take into account the distances. When a distance criterion 

is added, both algorithms separate the same three R.P. eyes 
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as normals. The slope approximation leads to four eyes being 

called normal, all of which are classed in a normal group by 

the other algorithms. In addition, seven eyes which have not 

been studied with the other clustering procedures fall in the 

normal range. Few similarities appear when the results of 

the slope-intercept classification are compared with the other 

procedures. As indicated before, a small percentage of eyes 

remain together in all schemes, while the rest are divided in 

different ways by the three methods. The parameters from 

each scheme have also been studied in conjunction with seven 

factors which relate to the condition of the retina. For all 

the procedures, the strongest relationship exists with the 

flash ERG. The other scores reveal some relationship to the 

cluster parameters, but to a lesser degree. For the two clus¬ 

tering algorithms, K-Means and hierarchical, a study of the 

frequency tables usually revealed that at least one cluster 

would have a characteristic value for a particular score, 

but no general result for any score could be found. Similarly, 

a characteristic category of fields, flash ERG, and heredi¬ 

tary type exists for cluster 3 of the slope-intercept graph, 

but not for the other groups. For the Ml groupings, the 

K-Means algorithm tends to have the more significant chi- 

square, but the hierarchical results possess the higher lambda 

and uncertainty coefficient values. The slope procedure 

explains approximately the same amount of variance as do the 

other methods, although a direct comparison is difficult 
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owing to the difference in analysis procedures. Also, the 

results of this approximation can be visualized more easily 

than the high dimensional clusters obtained with the mag¬ 

nitude clusterings. Thus, this approach appears to be the 

most promising direction for further research. 

While a relationship between the retinal condition and 

the Fourier coefficients exists, it can not be defined in a 

clinically useful way using all of the parameters considered 

in this thesis. These factors are the results of fairly 

standard tests, and each represents the condition of a 

different area of the retina. The visual acuity is mainly a 

function of the macula, a relatively small area of the retina, 

while color vision is very dependent on the central foveal 

cones, another small percentage of the total photoreceptors. 

Since, with the full field stimulus, these cones contribute 

only a minor effect to the total response, the lack of a cor¬ 

relation is understandable. Also, the consistent relationship 

with the flash ERG serves to indicate that both types of ERG 

essentially test the same systems in the retina. For most 

patients, the flash ERG (recorded in the ophthamologist's 

office) is extinguished; the sinusoidal ERG produces a 

recordable set of waveforms for the majority of R.P. patients. 

Also, note that most clustering results include at least one 

cluster that is composed entirely of eyes with extinguished 

flash ERG's, while the other clusters have eyes of several 

categories. The difference in recording procedures may account 
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for these results, or the sinusoidal ERG may be a more sensi¬ 

tive indicator than the flash ERG. More investigation is 

necessary to decide on an explanation. Note also that exten¬ 

sive research employing penetrating electrodes has served to 

indicate which layer of the retina contributes to each portion 

of the flash ERG. Similar experiments, beyond the scope of 

this thesis, might be profitable with the sinusoidal ERG. In 

addition, other retinal diseases can be studied with this type 

of ERG. Since R.P. is difficult to divide into specific 

stages, a variety of measurements have been used to charac¬ 

terize each patient. A greater correlation might be found by 

using another disease which is more easily classified into 

specific stages. Also, other parameters of the sinusoidal ERG 

can be varied, such as intensity or modulation. The levels of 

the four fixed factors have been chosen in an arbitrary manner, 

and could be changed. In particular, the brightness could be 

decreased and the color changed to blue; in these circum¬ 

stances, the rods rather than the cones would be stimulated. 

Following the approach of Berson with the flash ERG, the slope 

method could be applied to two segments, one of cone and one 

of rod responses, and the correlation studied in this four- 

parameter space. This thesis has simply served to show the 

potential usefulness of the sinusoidal ERG. Normals and R.P. 

patients can be automatically separated based on the Fourier 

coefficients, and the results show some correlation with the 

flash ERG. However, many more experiments must be carried 



Page 131 

out before this test becomes useful in a clinical environment. 
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